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ASHRAE Research: Improving the Quality of Life

ASHRAE is the world’s foremost technical society in the fields
of heating, ventilation, air conditioning, and refrigeration. Its mem-
bers worldwide are individuals who share ideas, identify needs, sup-
port research, and write the industry’s standards for testing and
practice. The result is that engineers are better able to keep indoor
environments safe and productive while protecting and preserving
the outdoors for generations to come.

One of the ways that ASHRAE supports its members’ and indus-
try’s need for information is through ASHRAE Research. Thou-
sands of individuals and companies support ASHRAE Research
annually, enabling ASHRAE to report new data about material

properties and building physics and to promote the application of
innovative technologies.

Chapters in the ASHRAE Handbook are updated through the
experience of members of ASHRAE Technical Committees and
through results of ASHRAE Research reported at ASHRAE confer-
ences and published in ASHRAE special publications, ASHRAE
Transactions, and ASHRAE’s journal of archival research, Science
and Technology for the Built Environment.

For information about ASHRAE Research or to become a mem-
ber, contact ASHRAE, 1791 Tullie Circle, Atlanta, GA 30329; tele-
phone: 404-636-8400; www.ashrae.org.

Preface

The 2019 ASHRAE Handbook—HVAC Applications comprises
65 chapters covering a broad range of facilities and topics, written to
help engineers design and use equipment and systems described in
other Handbook volumes. Main sections cover comfort, industrial,
energy-related, general applications, and building operations and
management. ASHRAE Technical Committees in each subject area
have reviewed all chapters and revised them as needed for current
technology and design practice.

Full and associate ASHRAE members can download Handbook
PDFs in I-P or SI units by going to technologyportal.ashrae.org.
Nonmembers can purchase these PDFs at the same location, or pur-
chase individual chapter PDFs from ashrae.org/bookstore.

This edition includes three new chapters:

* Chapter 6, Indoor Swimming Pools
Chapter 59, Indoor Airflow Modeling
Chapter 65, Occupant-Centric Sensing and Controls

Other particularly notable highlights include the following:

* Ch 8, Educational Facilities, provides updated design criteria, and
a new section on central plant optimization for higher education
campuses and educational facilities for students with disabilities.

* Ch. 9, Health Care Facilities, has been extensively rewritten to
address current health care requirements.

* Ch. 16, Enclosed Vehicular Facilities, has new material on park-
ing garage ventilation and updated ventilation flow rates.

e Ch. 20, Data Centers and Telecommunication Facilities, includes
updates to reflect the current ASHRAE Datacom series, and text
updates to reflect changes in the industry and new technologies
such as PoE lighting and lithium-ion batteries.

* Ch. 34, Kitchen Ventilation, now discusses solid-fuel cooking,
and life-cycle cost analysis, with updates from research and SSPC
154.

* Ch. 35, Geothermal Energy, has new content on direct exchange
systems and pressure considerations for deep boreholes, calcula-
tion methods for design, and an updated example.

* Ch. 36, Solar Energy, added updated guidance on solar thermal
collectors and photovoltaic applications, with new information on
design and performance of photovoltaic systems and on installa-
tion and operation guidelines for photovoltaic systems, with new
practical examples

* Ch. 40, Operation and Maintenance Management, has been exten-
sively rewritten to address current best practices

* Ch. 41, Computer Applications, was extensively rewritten to
more directly focus on immediate concerns of HVAC engineers

* Ch. 51, Service Water Heating, added discussion of water heater
redundancy in large systems, and has updated information about
new uniform energy factor (UEF) ratings, diversified electrical
demand of whole-house/large tankless electric water heaters, and
a new figure describing recommended tank and plumbing layout
for heat pump water heater (HPWH) systems, showing series/par-
allel arrangement of HPWH and conventional water heaters.

* Ch. 52, Snow Melting, added guidance for recommended values
by application type and for concrete strength and maximum tem-
perature difference, as well as discussion of new research.

e Ch. 54, Fire and Smoke Control, has new sections on balanced
approach and smoke feedback, plus extensively revised discus-
sion of dampers, pressurization system design, and stairwells
with open doors.

* Ch. 60, Integrated Building Design, has been completely rewrit-
ten to give more detail on IBD process.

* Ch. 64, Mold and Moisture, revised the order of risk factors for
mold to better reflect their relative importance, and added infor-
mation from ASHRAE research project RP-1712 to advise on
components and configuration of dedicated outdoor air (DOAS)
systems to help avoid mold growth in schools, universities, and
military barracks during extended periods of unoccupied-mode
HVAC operation.

This volume is published as a bound print volume and in elec-
tronic format as a downloadable PDF and online, in two editions:
one using inch-pound (I-P) units of measurement, the other using
the International System of Units (SI).

Corrections to the 2016, 2017, and 2018 Handbook volumes can
be found on the ASHRAE web site at http://www.ashrae.org and in
the Additions and Corrections section of this volume. Corrections
for this volume will be listed in subsequent volumes and on the
ASHRAE web site.

Reader comments are enthusiastically invited. To suggest
improvements for a chapter, please comment using the form on
the ASHRAE web site or write to Handbook Editor, ASHRAE,
1791 Tullie Circle, Atlanta, GA 30329, or fax 678-539-2187, or
e-mail hkennedy(@ashrae.org.

Heather E. Kennedy
Editor
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CHAPTER 1

RESIDENTIAL SPACE CONDITIONING

..................................................................... 1.1

SYSIEILS ...ttt

Equipment Sizing.........cccovevvivvinviiiiiiiiiiienienienieninns
Single-Family Residences .............ccoooeeveeveeeeveennnnnn.

Multifamily ReSidences ...........ooouoeeeeeeeeeeeeeeeeeeeaeaennnn

Manufactured Homes

PACE-CONDITIONING systems for residential use vary with
both local and application factors. Local factors include energy
source availability (present and projected) and price; climate;
socioeconomic circumstances; and availability of installation and
maintenance skills. Application factors include housing type, con-
struction characteristics, and building codes. As a result, many differ-
ent systems are selected to provide combinations of heating, cooling,
humidification, dehumidification, ventilation, and air filtering. This
chapter emphasizes the more common systems for space
conditioning of both single-family (i.e., traditional site-built and
modular or manufactured homes) and multifamily residences. Low-
rise multifamily buildings generally follow single-family practice be-
cause constraints favor compact designs; HVAC systems in high-rise
apartment, condominium, and dormitory buildings are often of com-
mercial types similar to those used in hotels. Retrofit and remodeling
construction also adopt the same systems as those for new construc-
tion, but site-specific circumstances may call for unique designs.

1. SYSTEMS

Common residential systems are listed in Table 1. Four generally
recognized groups are central forced air, central hydronic, zoned
systems, and room or portable equipment. System selection and
design involve such key decisions as (1) source(s) of energy, (2)
means of distribution and delivery, and (3) terminal device(s).

Climate determines the services needed. Heating and cooling are
generally required. Air cleaning, by filtration or electrostatic de-
vices, is present in most systems. Humidification, when used, is
provided in heating systems for thermal comfort (as defined in

Table 1 Residential Heating and Cooling Systems

Central Central Room or
Forced Air Hydronic Zoned Portable
Most common  Gas Gas Gas Electricity
energy Oil 0Oil Electricity
sources Electricity  Electricity
Heat source/ Air Air Air Air
sink Ground Water Ground
Water Water
Distribution Air Water Air Air
medium Steam Water
Refrigerant
Distribution Ducting Piping Ducting/dampers Ducting/free
system Piping or delivery
Free delivery
Terminal Diffusers  Radiators  Included with Diffuser
devices Registers ~ Radiant product or same
panels as forced-air
Grilles Fan-coil or hydronic
units systems

The preparation of this chapter is assigned to TC 8.11, Unitary and Room
Air Conditioners and Heat Pumps.

1.1

ASHRAE Standard 55), health, antiques or art preservation, and re-
duction of static electricity discharges. Cooling systems usually de-
humidify air as well as lowering its temperature. Introduction of
outdoor (fresh) air may be required in some applications. Typical
forced-air residential installations are shown in Figures 1 and 2.

Figure 1 shows a gas furnace, split-system air conditioner,
humidifier, and air filter. Air from the space enters the equipment
through a return air duct. It passes initially through the air filter. The
circulating blower is an integral part of the furnace, which supplies
heat during winter. An optional humidifier adds moisture to the
heated air, which is distributed throughout the home via the supply
duct. When cooling is required, heat and moisture are removed from
the circulating air as it passes across the evaporator coil. Refrigerant
lines connect the evaporator coil to a remote condensing unit located
outdoors. Condensate from the evaporator is removed through a
drain line with a trap.

Figure 2 shows a split-system heat pump, supplemental electric
resistance heaters, humidifier, and air filter. The system functions as
follows: air from the space enters the equipment through the return
air duct (or sometimes through an opening in the equipment itself),
and passes through a filter. The circulating blower is an integral part
of the indoor air-handling portion of the heat pump system, which
supplies heat through the indoor coil during the heating season.
Optional electric heaters supplement heat from the heat pump during

Fig.1 Typical Residential Installation of Heating, Cooling,
Humidifying, and Air Filtering System
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Fig.2 Typical Residential Installation of a Split-System
Air-to-Air Heat Pump

periods of low outdoor temperature and counteract indoor airstream
cooling during periodic defrost cycles. This supplemental heat is
also referred to as emergency heat since it may function as a back-
up heat source. Systems referred to as dual fuel apply a furnace to
provide some of the functionality of the electric supplemental heat.
An optional humidifier adds moisture to the heated air, which is dis-
tributed throughout the home through the supply duct. When
cooling is required, heat and moisture are removed from the circu-
lating air as it passes across the evaporator coil. Refrigerant lines
connect the indoor coil to the outdoor unit. Condensate from the
indoor coil is removed through a drain line with a trap.

Minisplit and multisplit systems, which are similar to split sys-
tems but are typically ductless, are increasingly popular worldwide.
A typical two-zone, ductless multisplit system installation is shown
in Figure 3. In this example, the system consists mainly of two sec-
tions: an outdoor condensing unit and two indoor air-handling units
that are usually installed on perimeter walls of the house. Each
indoor air handler serves one zone and is controlled independently
from the other indoor unit. Figure 3 shows a top-discharge
condensing unit. Side-discharge outdoor units are also widely
applied.

Single-package unitary systems, such as window-mounted,
through-the-wall, or rooftop units where all equipment is contained
in one cabinet, are also popular. Ducted versions are used exten-
sively in regions where residences have duct systems in
crawlspaces beneath the main floor and in areas such as the south-
western United States, where rooftop-mounted packages connect to
attic duct systems.

Central hydronic heating systems are popular both in Europe and
in parts of North America where central cooling has not normally
been provided. New construction, especially in multistory homes,
now typically includes forced-air cooling.

Zoned systems are designed to condition only part of a home at
any one time. Systems may be ducted, duct free, or hydronic. They
may consist of individual room units or central systems with zoned
distribution networks. Multiple central systems that serve
individual floors or the sleeping and common portions of a home
separately are sometimes used in large single-family residences.

The energy source is a major consideration in system selection.
According to 2015 data from the U.S. Energy Information Admin-
istration (EIA 2017), for heating, about 47% of homes use natural
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Fig.3 Example of Two-Zone, Ductless Multisplit System in
Typical Residential Installation

gas, followed by electricity (36%), propane (5%), fuel oil/kerosene
(5%), and wood (2%). Relative prices, safety, and environmental
concerns (both indoor and outdoor) are further factors in heating
energy source selection. Where various sources are available, eco-
nomics strongly influence the selection. Electricity is the dominant
energy source for cooling.

2. EQUIPMENT SIZING

The heat loss and gain of each conditioned room and of ductwork
or piping run through unconditioned spaces in the structure must be
accurately calculated to select equipment with the proper heating and
cooling capacity. To determine heat loss and gain accurately, the
floor plan and construction details, including information on wall,
ceiling, and floor construction as well as the type and thickness of
insulation, must be known. Window design and exterior door details
are also needed. With this information, heat loss and gain can be cal-
culated using the Air-Conditioning Contractors of America (ACCA)
Manual J® or similar calculation procedures. From there, equipment
selections can be made using ACCA Manual S® or other equipment
selection procedures. To conserve energy, many jurisdictions require
that the building be designed to meet or exceed the requirements of
ASHRAE Standard 90.2 or similar requirements.

Proper matching of equipment capacity to the building heat loss
and gain is essential. Building loads vary throughout the day and
across seasons, so matching capacity to load can be a challenge.
Variable and multistage equipment have a wide capacity range, so
oversizing is less of an issue. The heating capacity of air-source heat
pumps is usually supplemented by auxiliary heaters, most often of
the electric resistance type; in some cases, however, fossil fuel fur-
naces or solar systems are used.

Undersized equipment will be unable to maintain the intended
indoor temperature under extreme outdoor temperatures. Some
oversizing may be desirable to enable recovery from setback and
to maintain indoor comfort during outdoor conditions that are
more extreme than the nominal design conditions. Grossly over-
sized equipment can cause discomfort because of short on-times,
wide indoor temperature swings, and inadequate dehumidification
when cooling. Gross oversizing may also contribute to higher en-
ergy use by increasing cyclic losses. Excessive cycling is also a re-
liability concern. Variable-capacity equipment (heat pumps, air
conditioners, and furnaces) can more closely match building loads
over broad ambient temperature ranges, usually reducing these
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losses and improving comfort levels; in the case of heat pumps,
supplemental heat needs may also be reduced.

Residences of tight construction may have high indoor humidity
and a build-up of indoor air contaminants at times. Air-to-air heat
recovery equipment may be used to provide tempered ventilation air
to tightly constructed houses. See Chapter 26 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment for additional informa-
tion on air-to-air heat recovery. Outdoor air intakes connected to the
return duct of central systems may also be used when reducing
installed costs is important. Simple exhaust systems with or without
passive air intakes are also popular. Natural ventilation by operable
windows is also popular in some climates. Excessive accumulation
ofradon is of concern in all buildings; lower-level spaces should not
be depressurized, which causes increased migration of soil gases into
buildings. All ventilation schemes increase heating and cooling
loads and thus the required system capacity, thereby resulting in
greater energy consumption. In all cases, minimum ventilation rates,
as described in ASHRAE Standards 62.1 and 62.2, as applicable,
should be maintained.

3. SINGLE-FAMILY RESIDENCES

Furnaces

Furnaces are fueled either by electricity, or by combustible mate-
rials; gas (natural or propane), oil, and wood are most common.
Electric furnaces are comprised of electric resistance heaters and a
blower fan.

Combustion furnaces may draw combustion air from inside the
house or from outdoors. If the furnace space is located such that
combustion air is drawn from the outdoors, the arrangement is
called an isolated combustion system (ICS). Furnaces are gener-
ally rated on an ICS basis. Outdoor air is ducted to the combustion
chamber (a direct-vent system) for manufactured home applications
and some mid- and high-efficiency equipment designs. Using out-
door air for combustion eliminates both infiltration losses associ-
ated with using indoor air for combustion and stack losses
associated with atmospherically induced draft-hood-equipped fur-
naces.

Two available types of high-efficiency gas furnaces are noncon-
densing and condensing. Both increase efficiency by adding or
improving heat exchanger surface area and reducing heat loss
during furnace off times. Noncondensing furnaces usually have
combustion efficiencies below 85%, and condensing furnaces have
combustion efficiencies higher than 90%. The higher-efficiency
condensing type recovers more energy by condensing water vapor
from combustion products. Condensate is formed in a corrosion-
resistant heat exchanger and is disposed of through a drain line.
Care must be taken to prevent freezing the condensate when the fur-
nace is installed in an unheated space such as an attic.
Noncondensing furnaces use metallic vents, whereas condensing
furnaces generally use PVC for vent pipes and condensate drains.

Chapters 31 and 33 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment include more detailed information on fur-
naces and furnace efficiency.

Hydronic Heating Systems

With the growth of demand for central cooling systems, hydronic
systems have declined in popularity in new construction, but still
account for a significant portion of existing systems in colder cli-
mates. The fluid is heated in a central boiler and distributed by
piping to terminal units in each room. Terminal units are typically
either radiators or baseboard convectors. Other terminal units
include fan-coils and radiant panels. Most recently installed resi-
dential systems use a forced-circulation, multiple-zone hot-water
system with a series-loop piping arrangement. Chapters 13 and 36
of the 2016 ASHRAE Handbook—HVAC Systems and Equipment

have more information on hydronics, and Chapter 32 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment provides
more information on boilers.

Design water temperature is based on economic and comfort
considerations. Generally, higher temperatures result in lower first
costs because smaller terminal units are needed. However, losses
tend to be greater, resulting in higher operating costs and reduced
comfort because of the concentrated heat source. Typical design
temperatures for radiator systems range from 80 to 95°C. For radi-
ant panel systems, design temperatures range from 45 to 75°C. The
preferred control method allows the water temperature to decrease
as outdoor temperatures rise. Provisions for expansion and contrac-
tion of piping and heat distributing units and for eliminating air from
the hydronic system are essential for quiet, leak-tight operation.

Fossil fuel systems that condense water vapor from the flue gases
must be designed for return water temperatures in the range of 50 to
55°C for most of the heating season. Noncondensing systems must
maintain high enough water temperatures in the boiler to prevent
this condensation. If rapid heating is required, both terminal unit
and boiler size must be increased, although gross oversizing should
be avoided.

Another concept for multi- or single-family dwellings is a com-
bined water-heating/space-heating system that uses water from the
domestic hot-water storage tank to provide space heating. Water cir-
culates from the storage tank to a hydronic coil in the system air
handler. Space heating is provided by circulating indoor air across
the coil. A split-system central air conditioner with the evaporator
located in the system air handler can be included to provide space
cooling.

Solar Heating

Both active and passive solar thermal energy systems are some-
times used to heat residences. In typical active systems, flat-plate
collectors heat air or water. Air systems distribute heated air either
to the living space for immediate use or to a thermal storage
medium (e.g., a rock pile). Water systems pass heated water from
the collectors through a heat exchanger and store heat in a water
tank. Because of low delivered-water temperatures, radiant floor
panels requiring moderate temperatures are often used. A water-
source heat pump between the water storage tank and the load can
be used to increase temperature differentials.

Trombe walls, direct-gain, and greenhouse-like sunspaces are
common passive solar thermal systems. Glazing facing south (in the
northern hemisphere), with overhangs to reduce solar gains in the
summer, and movable night insulation panels reduce heating
requirements.

Some form of back-up heating is generally needed with solar
thermal energy systems. Solar electric systems are not normally
used for space heating because of the high energy densities required
and the economics of photovoltaics. However, hybrid collectors,
which combine electric and thermal capabilities, are available.
Chapter 37 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment has information on sizing solar heating equipment.

Heat Pumps

Heat pumps for single-family houses are normally centrally
ducted unitary or duct-free unitary split systems, as shown in Fig-
ures 2 and 3.

Most commercially available heat pumps, particularly in North
America, are reversible, electrically powered, air-source systems.
The direction of flow of the refrigerant can be switched to provide
cooling or heating to the home.

Heat pumps may be classified by thermal source and distribution
medium in the heating mode as well as the type of fuel used. The
most common classifications of heat pump equipment are air-to-air
and water-to-air. Air-to-water and water-to-water types are also used.



Heat pump systems are generally described as air-source or
ground-source. The thermal sink for cooling is generally assumed to
be the same as the thermal source for heating.

Air-Source Systems. Air-source systems using ambient air as
the heat source/sink can be installed in almost any application and
are generally the least costly to install and thus the most commonly
used.

Ground-Source (Geothermal) Systems. Ground-source sys-
tems usually use water-to-air heat pumps to extract heat from the
ground using groundwater or a buried heat exchanger. As a heat
source/sink, groundwater (from individual wells or supplied as a
utility from community wells) offers the following advantages over
ambient air: (1) heat pump capacity is independent of ambient air
temperature, reducing supplemental heating requirements; (2) no
defrost cycle is required; (3) although operating conditions for
establishing rated efficiency are not the same as for air-source sys-
tems, seasonal efficiency is usually higher for heating and for
cooling; and (4) peak heating energy consumption is usually lower.

Two other system types are ground-coupled and surface-water-
coupled systems. Ground-coupled systems offer the same advan-
tages, but because surface water temperatures track fluctuations in
air temperature, surface-water-coupled systems may not offer the
same benefits as other ground-source systems. Both system types
circulate brine or water in a buried or submerged heat exchanger to
transfer heat from the ground or water. Direct-expansion ground-
source systems, with evaporators buried in the ground, also are
available but are seldom used. Water-source systems that extract
heat from surface water (e.g., lakes or rivers) or city (tap) water are
sometimes used where local conditions allow. See Chapter 49 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment for fur-
ther information.

Water supply, quality, and disposal must be considered for
groundwater systems. Caneta Research (1995) and Kavanaugh and
Rafferty (2014) provide detailed information on these subjects. Sec-
ondary coolants for ground-coupled systems are discussed in Caneta
Research (1995) and in Chapter 31 of the 2017 ASHRAE Hand-
book—Fundamentals. Buried heat exchanger configurations may be
horizontal or vertical, with the vertical including both multiple-
shallow- and single-deep-well configurations. Ground-coupled sys-
tems avoid water quality, quantity, and disposal concerns but are
sometimes more expensive than groundwater systems. However,
ground-coupled systems are usually more efficient, especially when
pumping power for the groundwater system is considered. Proper
installation of the ground coil(s) is critical to success.

Hybrid or Dual-Fuel Systems. In add-on systems, typically
called dual-fuel or hybrid, a heat pump is added (often as a retrofit)
to an existing furnace or boiler/fan-coil system. The heat pump and
combustion device are operated in one of two ways: (1) alternately,
depending on which is most cost-effective, or (2) in parallel. Biva-
lent heat pumps, factory-built with the heat pump and combustion
device grouped in a common chassis and cabinets, provide similar
benefits at lower installation costs.

Fuel-Fired Heat Pumps. Fuel-fired heat pumps for residential
applications are available in North America and Europe. Usually,
these systems take the form of absorption cycles. For results of one
investigation on these heat pumps, see Grossman et al. (1995).

Water-Heating Options. Heat pumps may be equipped with
desuperheaters (either integral or field-installed) to reclaim heat for
domestic water heating when operated in cooling mode. Integrated
space-conditioning and water-heating heat pumps with an addi-
tional full-size condenser for water heating are also available.
ASHRAE Standard 124 provides a method of test for rating combi-
nation space- and water-heating appliances.
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Zoned Heating and Cooling Systems

Most moderate-cost residences in North America have single-
thermal-zone HVAC systems with one thermostat. Multizoned sys-
tems, however, offer the potential for improved thermal comfort.
Lower operating costs are possible with zoned systems because un-
occupied areas (e.g., common areas at night, sleeping areas during
the day) can be kept at lower temperatures in the winter.

One form of this system consists of individual equipment located
in each room. Room heaters are usually electric or gas-fired. Elec-
tric heaters are available in the following types: baseboard free-
convection, wall insert (free-convection or forced-fan), radiant pan-
els for walls and ceilings, and radiant cables for walls, ceilings, and
floors. Matching equipment capacity to heating requirements is crit-
ical for individual room systems. Heating delivery cannot be ad-
justed by adjusting air or water flow, so greater precision in room-
by-room sizing is needed. Most individual heaters have integral
thermostats that limit the ability to optimize unit control without
continuous fan operation.

Room air conditioners are typically electrically operated.
Window, room, and packaged terminal air conditioners (PTACs)
provide both sensible and latent cooling. Window air conditioners
are inexpensive and simple to install where a central system does not
exist or does not provide sufficient comfort in one room or zone.
Room air conditioners are similar to window air conditioners,
except the condenser typically pulls air from the indoors rather than
outdoors, and the appliance is floor standing with ducts to a small
window-mounted panel to reject condenser heat to the outdoors.
PTACs are designed to mount in a framed wall opening, so are a per-
manent rather than seasonal addition to a building. Some PTACs are
heat pumps, so can provide both heating and cooling. In dry cli-
mates, direct-evaporative coolers (“swamp coolers”) can improve
comfort, and room humidifiers or dehumidifiers can be used in any
climate. Ceiling and portable fans are also widely used to improve
comfort within a room. Each of these room appliances typically has
its own dedicated sensors and controls in the same room. Some new
room equipment can be connected to the Internet, enabling coordi-
nation of service across the whole house.

Individual heat pumps for each room or group of rooms (zone)
are another form of zoned electric heating. For example, two or
more small unitary heat pumps can be installed in two-story or large
one-story homes.

The multisplit heat pump consists of a central compressor and an
outdoor heat exchanger to serve multiple indoor zones. Each zone
uses one or more fan-coils, with separate thermostatic controls for
each zone. These systems are used in both new and retrofit construc-
tion. These are also known as variable-refrigerant-volume (VRYV)
or variable-refrigerant-flow (VRF) systems, and may include a
heat recovery mode where some indoor units operate in heating and
some in cooling simultaneously. For more information on VRF sys-
tems, see Chapter 18 of the 2016 ASHRAE Handbook—HVAC Sys-
tems and Equipment.

A method for zoned heating and cooling in central ducted sys-
tems is the zone-damper system. This consists of individual zone
dampers and thermostats combined with a zone control system.
Both variable-air-volume (damper position proportional to zone
demand) and on/off (damper fully open or fully closed in response
to thermostat) types are available. These systems sometimes include
a provision to modulate to lower capacities when only a few zones
require conditioning. Because weather is the primary influence on
the load, the cooling or heating load in each room changes from
hour to hour. Therefore, the owner or occupant should be able to
make seasonal or more frequent adjustments to the air distribution
system to improve comfort. Adjustments may involve opening addi-
tional outlets in second-floor rooms during summer and throttling or
closing heating outlets in some rooms during winter. Manually
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adjustable balancing dampers may be provided to facilitate these
adjustments. Other possible refinements are installing a heating and
cooling system sized to meet heating requirements, with additional
self-contained cooling units serving rooms with high summer loads,
or separate central systems for the upper and lower floors of a house.
Alternatively, zone-damper systems can be used. Another way of
balancing cooling and heating loads is to use variable-capacity com-
pressors in heat pump systems.

Operating characteristics of both heating and cooling equipment
must be considered when zoning is used. For example, reducing air
quantity to one or more rooms may reduce airflow across the evap-
orator to such a degree that frost forms on the fins. Reduced airflow
on heat pumps during the heating season can cause overloading if
airflow across the indoor coil is not maintained above 45 L/s per
kilowatt. Reduced air volume to a given room reduces the air
velocity from the supply outlet and might cause unsatisfactory air
distribution in the room. Manufacturers of zoned systems normally
provide guidelines for avoiding such situations. Some hydronic sys-
tems use valve manifolds near the boiler to provide hydronic heat on
a zonal basis. Each room’s radiator or convector is served by dedi-
cated piping from the valve manifold, with a common return pipe.
The variable valves are all independently controlled by room ther-
mostats, based on thermal demand.

Unitary Air Conditioners

In forced-air systems, the same air distribution duct system can
be used for both heating and cooling. Split-system central cooling,
as shown in Figure 1, is the most widely used forced-air system. Up-
flow, downflow, and horizontal-airflow indoor units are available.
Condensing units are installed on a noncombustible pad outdoor
and contain a motor- or engine-driven compressor, condenser, con-
denser fan and fan motor, and controls. The condensing unit and
evaporator coil are connected by refrigerant tubing that is normally
field-supplied. However, precharged, factory-supplied tubing with
quick-connect couplings is also common where the distance be-
tween components is not excessive.

A distinct advantage of split-system central cooling is that it can
readily be added to existing forced-air heating systems. Airflow
rates are generally set by the cooling requirements to achieve good
performance, but most existing heating duct systems are adaptable
to cooling. Airflow rates of 45 to 60 L/s per kilowatt of refrigeration
are normally recommended for good cooling performance. Spe-
cialty systems such as small-duct high-velocity (SDHV) systems
have lower airflows and are used in applications where retrofitting
larger supply ducts is not possible. As with heat pumps, split-system
central cooling may be fitted with desuperheaters for domestic
water heating.

Some cooling equipment includes forced-air heating as an inte-
gral part of the product. Year-round heating and cooling packages
with a gas, oil, or electric furnace for heating and a vapor-
compression system for cooling are available. Air-to-air and water-
source heat pumps provide cooling and heating by reversing the
flow of refrigerant.

Distribution. Duct systems for cooling (and heating) should be
designed and installed in accordance with accepted practice.
Useful information is found in ACCA Manuals D® and S®.

There is renewed interest in quality duct design, because it can
make a large difference in the effectiveness of the residential unitary
cooling and heating system. There is a trend toward placing as much
ductwork as possible in the conditioned space, to reduce duct
thermal losses and lessen the effect of any leaks that exist. For a
given diameter, flexible ducts have higher pressure drop than metal
ducts, and this should be taken into consideration. Flexible duct
must be stretched and properly supported or it can sag, increasing
airflow resistance. Minimizing duct system airflow resistance helps
minimize energy consumption throughout the life of the system.

Chapter 21 of the 2017 ASHRAE Handbook—Fundamentals
provides the theory behind duct design. In the 2016 ASHRAE Hand-
book—HVAC Systems and Equipment, Chapter 10 discusses air dis-
tribution design for small heating and cooling systems, Chapter 19
addresses duct construction and code requirements, and Chapter 49
provides more detailed information on unitary air conditioners and
heat pumps.

Special Considerations. In residences with more than one story,
cooling and heating are complicated by air buoyancy, also known as
the stack effect. In many such houses, especially with single-zone
systems, the upper level tends to overheat in winter and undercool in
summer. Multiple air outlets, some near the floor and others near the
ceiling, have been used with some success on all levels. To control
airflow, the homeowner opens some outlets and closes others from
season to season. Free air circulation between floors can be reduced
by locating returns high in each room and keeping doors closed.

In existing homes, the cooling that can be added is limited by the
air-handling capacity of the existing duct system. Although the
existing duct system size is usually satisfactory for normal occu-
pancy, it may be inadequate during large gatherings. When new
cooling (or heating) equipment is installed in existing homes, sup-
ply air ducts and outlets should be checked for acceptable air-
handling capacity and air distribution. Maintaining upward airflow
at an effective velocity is important when converting existing heat-
ing systems with floor or baseboard outlets to both heat and cool. It
is not necessary to change the deflection from summer to winter for
registers located at the perimeter of a residence. Registers located
near the floor on the indoor walls of rooms may operate unsatisfac-
torily if the deflection is not changed from summer to winter.

A residence without a forced-air heating system may be cooled
by one or more central systems with separate duct systems, by indi-
vidual room air conditioners (window-mounted or through-the-
wall), or by minisplit room air conditioners.

Cooling equipment must be located carefully. Because cooling
systems require higher indoor airflow rates than most heating sys-
tems, sound levels generated indoors are usually higher. Thus,
indoor air-handling units located near sleeping areas may require
sound attenuation. Outdoor noise levels should also be considered
when locating the equipment. Many communities have ordinances
regulating the sound level of mechanical devices, including cooling
equipment. Manufacturers of unitary air conditioners often rate the
sound level of their products according to an industry standard (Air-
Conditioning, Heating, and Refrigeration Institute [AHRI] Stan-
dard270). AHRI Standard 275 gives information on how to predict
the sound level in dBA when the AHRI sound rating number, the
equipment location relative to reflective surfaces, and the distance
to the property line are known.

An effective and inexpensive way to reduce noise is to put dis-
tance and natural barriers between sound source and listener. How-
ever, airflow to and from air-cooled condensing units must not be
obstructed; for example, plantings and screens must be porous and
placed away from units so as not to restrict intake or discharge of air.
Most manufacturers provide recommendations on acceptable dis-
tances between condensing units and natural barriers. Outdoor units
should be placed as far as is practical from porches and patios,
which may be used while the house is being cooled. Locations near
bedroom windows and occupied spaces of neighboring homes
should also be avoided. In high-crime areas, consider placing units
on roofs or other semisecure areas.

Evaporative Coolers

In climates that are dry throughout the entire cooling season,
evaporative coolers can be used to cool residences. They must be
installed and maintained carefully to reduce the potential for water
and thus air quality problems. Further details on evaporative coolers



can be found in Chapter 41 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment and in Chapter 52 of this volume.

Humidifiers

For improved winter comfort, equipment that increases indoor
relative humidity may be needed. In a ducted heating system, a
central whole-house humidifier can be attached to or installed
within a supply plenum or main supply duct, or installed between
the supply and return duct systems. When applying supply-to-
return duct humidifiers on heat pump systems, take care to main-
tain proper airflow across the indoor coil. Self-contained portable
or tabletop humidifiers can be used in any residence. Even though
this type of humidifier introduces all the moisture to one area of
the home, moisture migrates and raises humidity levels in other
rooms.

Overhumidification should be avoided: it can cause condensate
to form on the coldest surfaces in the living space (usually win-
dows). Also, because moisture migrates through all structural mate-
rials, vapor retarders should be installed near the warmer indoor
surface of insulated walls, ceilings, and floors in most temperature
climates. Lack of attention to this construction detail allows mois-
ture to migrate from indoors to outdoors, causing damp insulation,
mold, possible structural damage, and exterior paint blistering.
Chapters 25 to 27 of the 2017 ASHRAE Handbook—Fundamentals
provide further details.

Central humidifiers may be rated in accordance with AHRI Stan-
dard 611. This rating is expressed in the number of litres per day
evaporated by 49°C entering air. Selecting the proper size humidi-
fier is important and is outlined in AHRI Guideline F.

Humidifier cleaning and maintenance schedules must be fol-
lowed to maintain efficient operation and prevent bacteria build-up.

Chapter 22 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment contains more information on residential humidifiers.

Dehumidifiers

Many homes also use dehumidifiers to remove moisture and con-
trol indoor humidity levels. In cold climates, dehumidification is
sometimes required during the summer in basement areas to control
mold and mildew growth and to reduce zone humidity levels. Tra-
ditionally, portable dehumidifiers have been used to control
humidity in this application. Although these portable units are not
always as efficient as central systems, their low first cost and ability
to serve a single zone make them appropriate in many circum-
stances.

In hot, humid climates, providing sufficient dehumidification
with sensible cooling is important. Although conventional air-
conditioning units provide some dehumidification as a consequence
of sensible cooling, in some cases space humidity levels can still
exceed comfortable levels. Residential dehumidifiers almost exclu-
sively rely on direct-expansion refrigeration systems, operating
with evaporator temperatures below the process air’s dew point, to
dehumidify the air through condensation.

Several dehumidification enhancements to conventional air-
conditioning systems are possible to improve moisture removal char-
acteristics and lower the space humidity level. Some simple
improvements include lowering the supply airflow rate to overcool
the airstream, and eliminating off-cycle fan operation. Additional
equipment options such as condenser/reheat coils, sensible-heat-
exchanger-assisted evaporators (e.g., heat pipes), and subcooling/
reheat coils can further improve dehumidification performance. Des-
iccants, applied as either thermally activated units or heat recovery
systems (e.g., enthalpy wheels), can also increase dehumidification
capacity and lower the indoor humidity level. Some dehumidifica-
tion options add heat to the conditioned zone that, in some cases,
increases the load on the sensible cooling equipment. Dehumidifiers
are rated in accordance with Association of Home Appliance
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Manufacturers (AHAM) Standard DH-1. Chapter 25 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment contains more
information on residential dehumidifiers.

Air Filters

Most comfort conditioning systems that circulate air incorporate
some form of air filter. Usually, they are disposable or cleanable fil-
ters that have relatively low air-cleaning efficiency. Alternatives
with higher air-cleaning efficiencies include pleated media filters
and electronic air filters. These filters may have higher static pres-
sure drops. The air distribution system should be carefully evaluated
before installing such filters so that airflow rates are not overly
reduced with their use. Airflow must be evaluated both when the
filter is new and when it is in need of replacement or cleaning.

Air filters are mounted in the return air duct or plenum and
operate whenever air circulates through the duct system. Air filters
are rated in accordance with AHRI Standard 681, which was based
on ASHRAE Standard 52.2. Atmospheric dust spot efficiency lev-
els are generally less than 20% for disposable filters and vary from
60 to 90% for electronic air filters. However, increasingly, the
minimum efficiency rating value (MERV) from ASHRAE Standard
52.2 is given instead; a higher MERV implies greater particulate
removal, but also typically increased air pressure drop for the same
filter depth.

To maintain optimum performance, the collector cells of elec-
tronic air filters must be cleaned periodically. Automatic indicators
are often used to signal the need for cleaning. Electronic air filters
have higher initial costs than disposable or pleated filters, but gen-
erally last the life of the air-conditioning system. Also available are
gas-phase filters such as those that use activated carbon. Chapter 29
of the 2016 ASHRAE Handbook—HVAC Systems and Equipment
covers the design of residential air filters in more detail.

Ultraviolet (UV) germicidal light as an air filtration system for
residential applications has become popular recently. UV light has
been successfully used in health care facilities, food-processing
plants, schools, and laboratories. It can break organic molecular
bonds, which translates into cellular or genetic damages for micro-
organisms. Single or multiple UV lamps are usually installed in the
return duct or downstream of indoor coils in the supply duct. Direct
exposure of occupants to UV light is avoided because UV light does
not pass through metal, glass, or plastic. This air purification
method effectively reduces the transmission of airborne germs, bac-
teria, molds, viruses, and fungi in the airstreams without increasing
duct pressure losses. The power required by each UV lamp might
range between 30 and 100 W, depending on the intensity and expo-
sure time required to kill the various microorganisms. Chapter 17 of
the 2016 ASHRAE Handbook—HVAC Systems and Equipment and
Chapter 60 of this volume cover the design and application of UV
lamp systems in more detail.

Ventilation

Historically, residential buildings have not required active me-
chanical ventilation. They were built without focus on airtightness,
so in general natural infiltration along with some use of spot venti-
lation was sufficient to maintain indoor air quality at a safe and com-
fortable level. Because recent construction codes have increased
energy efficiency, mechanical ventilation is generally necessary for
energy-efficient housing. ASHRAE Standard 62.2 provides guid-
ance on selecting ventilation airflow rates, based on the method
used for distributing that air throughout the home. Chapter 16 of the
2017 ASHRAE Handbook—Fundamentals provides additional in-
formation on residential ventilation.

Controls

Residential heating and cooling equipment is controlled by one or
more thermostats, which call for heating and cooling from the
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equipment’s embedded control board, and a zone control system if
installed. A useful guideline is to install thermostats on an interior
wall in a frequently occupied area, about 1.5 m from the floor and
away from exterior walls and registers to avoid unintended short-
cycling of the equipment when cold or hot air blows on the thermo-
stat. A typical simple wall thermostat contains a temperature sensor
and microelectronics that request the heating and cooling equip-
ment operate when the measured temperature falls outside of a dead
band, typically +0.56 K centered at the owner’s desired set point.

Programmable thermostats can set heating and cooling equip-
ment at different temperature levels, depending on the time of day or
week. This has led to night setback, workday, and vacation control
to reduce energy demand and operating costs. For heat pump equip-
ment, electronic thermostats can incorporate night setback with an
appropriate scheme to limit use of resistance heat during recovery.
Several manufacturers offer thermostats that measure and display
relative humidity and actively change the evaporator blower speed
to improve latent cooling during times of high humidity.

Modern thermostats use additional sensors, such as remote room
temperature, humidity, and motion sensors, or integrate with external
computing platforms (e.g., mobile phones) to monitor occupants’ lo-
cations and enable automatic return when people enter a geographic
radius from the home. The use of machine learning, geofencing, and
other emerging features is very promising for reducing energy con-
sumption and costs while maintaining or improving user comfort.
These so-called smart thermostats can be integrated with both non-
communicating and communicating HVAC systems. Some commu-
nicating systems require a smart thermostat, often by the same
manufacturer, to take advantage of the improved efficiency and fault
detection/diagnostic features that a communicating HVAC system
provides. For example, most minisplit heat pumps are accompanied
by a remote controller that contains the system thermostat, a display,
and other user controls. Chapter 47 contains more details about au-
tomatic control systems.

In traditional (noncommunicating) systems, the thermostat uses
relay logic, or discrete on/off voltage signals, to control the opera-
tion of the HVAC system. This results in having to run many wires
from the thermostat to the indoor unit and outdoor unit. Some resi-
dential systems require 12 wires to be connected and therefore have
high risk of being miswired during installation.

A communicating system replaces the many wires with serial
communications over two, three, or four wires only, as depicted in
Figure 4. In a communicating HVAC system, the indoor unit, out-
door unit, and thermostat act as nodes on a network that send and
receive messages to and from each other across a limited number of
wires. Each node (device) has its own unique electronic address.
Messages are packaged into a common format called a communica-
tions protocol and transported to their destinations on the network.
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In retrofits, these systems offer the ease of plug-and-play installa-
tion using existing wiring. A homeowner can replace an existing
single-stage furnace and air conditioner with two-stage or variable-
capacity equipment and not need to run additional wires. In theory,
communications between nodes could also be wireless if they were
equipped with radio transceivers.

Communicating systems are a relatively recent addition to resi-
dential HVAC, having shown their usefulness in commercial
HVAC. The advent of electronics to control the evaporator coil (by
modulating both the electronic expansion valve and the blower) and
the condensing unit (primarily through monitoring and modulating
the compressor) enable systems to take advantage of communica-
tions. Communicating systems are easier to install than noncommu-
nicating systems and offer more options to the HVAC engineer.

Communicating HVAC systems also allow an advanced level of
system diagnostics. Because nodes communicate in messages, not
signals, unlimited amounts of information could be transferred
across the few wires of a communicating system. Messages could
convey commands or just carry information. This contrasts with
having to add a new wire for each additional (analog) signal, as is
the case of noncommunicating systems. For example, in a commu-
nicating system, the outdoor unit could announce that it has a vari-
able-capacity compressor and the thermostat could command the
compressor to turn on and to ramp to a certain speed. The thermostat
could ask the outdoor unit for the measured ambient temperature to
display it on its screen, or the outdoor unit could send a message to
the thermostat to alert the homeowner that a pressure switch is open.

For an HVAC system to be communicating, each device (node)
must have an electronic circuit board with a microprocessor. The
board gets data from sensors and other HVAC components that are
connected to it (e.g., compressor contactor, pressure switches, re-
versing valve, blower fan, indoor electric heater). The
microprocessor packages the data collected from those components
into messages and sends them to other nodes on the network. The mi-
croprocessor of each node also receives messages from other nodes
intended for that node. Although many new residential HVAC sys-
tems have some electronics in them, to be considered communicat-
ing, the microprocessor must be able to handle the additional burden
of implementing the communications protocol as well as handling
the traffic of messages on the network. Currently, all communicating
systems use proprietary protocols and do not allow matching indoor
and outdoor equipment using different protocols.

Networking the components of a residential HVAC system to
form a communicating system provides a framework for sharing
information within the network as well as with external devices.
A wired or wireless gateway, either stand-alone or integrated into
any of the communicating nodes, is often used to facilitate data
transfer. This enables the HVAC system to be remotely
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Fig. 4 Communicating HVAC Systems Simplify Wiring



accessible to networked devices such as smart phones, laptops,
mobile devices, the electric utility company’s smart meter, or
cloud services. This remote accessibility, together with the wealth
of system information available in a communicating system, al-
lows innovations in the way HVAC systems are maintained and
managed. For example, a homeowner could monitor the sensed
temperature at the thermostat, check/set the thermostat set-point
temperature, change thermostat schedules, and receive mainte-
nance notifications using a smart phone. Electric utilities can
supply a signal to reduce electrical demand, and the communicat-
ing control system can acknowledge and act on this signal.

4. MULTIFAMILY RESIDENCES

Attached homes and low-rise multifamily apartments generally
use heating and cooling equipment comparable to applications used
in single-family dwellings. Separate systems for each unit allow
individual control to suit the occupant and facilitate individual
metering of energy use; separate metering and direct billing of occu-
pants encourages energy conservation.

Forced-Air Systems

High-rise multifamily structures may use unitary, minisplit, or
multisplit heating or cooling equipment similar to applications in
single-family dwellings. Equipment may be installed in a separate
mechanical equipment room in the apartment, on a balcony, or
above a dropped ceiling over a hallway or closet. Split system
(condensing or heat pump) outdoor units are often placed on roofs,
balconies, or the ground. Other common applications include
through-the-wall or wall-mounted systems.

Small residential warm-air furnaces may also be used, but a
means of providing combustion air and venting combustion prod-
ucts from gas- or oil-fired furnaces is required. It may be necessary
to use a multiple-vent chimney or a manifold-type vent system.
Local codes must be consulted. Direct-vent furnaces that are placed
near or on an outer wall are also available for apartments.

Hydronic Systems

Individual heating and cooling units are not always possible or
practical in high-rise structures. In this case, applied central systems
are used. Two- or four-pipe hydronic central systems are widely
used in high-rise apartments. Each dwelling unit has either
individual room units or ducted fan-coil units.

An on-demand water heater may also be used as a source of heat
for the hydronic coil instead of a central system. In these applica-
tions, the on-demand water heater serves as a source of heat and hot
water for the individual apartment. Cooling may come from a cen-
tral hydronic system, window air conditioner, or typical unitary con-
denser, as described in the section on Forced-Air Systems.

The most flexible hydronic system with usually the lowest oper-
ating costs is the four-pipe type, which provides heating or cooling
for each apartment dweller. The two-pipe system is less flexible
because it cannot provide heating and cooling simultaneously. This
limitation causes problems during the spring and fall when some
apartments in a complex require heating while others require
cooling because of solar or internal loads. This spring/fall problem
may be overcome by operating the two-pipe system in a cooling
mode and providing the relatively low amount of heating that may
be required by means of individual electric resistance heaters.

See the section on Hydronic Heating Systems for description of a
combined water-heating/space-heating system for multi- or single-
family dwellings. Chapter 13 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment discusses hydronic design in more
detail.
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Through-the-Wall Units

Through-the-wall room air conditioners, packaged terminal air
conditioners (PTACs), packaged terminal heat pumps (PTHPs),
single-package vertical air conditioners (SPVACs), and single-
package vertical heat pumps (SPVHPs) can be used for
conditioning single rooms. Each room with an outer wall may have
such a unit. These units are used extensively in renovating old build-
ings because they are self-contained and typically do not require
complex piping or ductwork renovation.

Room air conditioners have integral controls and may include
resistance or heat pump heating. PTACs and PTHPs have special
indoor and outdoor appearance treatments, making them adaptable
to a wider range of architectural needs. PTACs can include gas, elec-
tric resistance, hot water, or steam heat. Integral or remote wall-
mounted controls are used for both PTACs and PTHPs. Further
information may be found in Chapter 50 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment and in AHRI Standard
310/380.

Water-Loop Heat Pumps

Any mid- or high-rise structure having interior zones with high
internal heat gains that require year-round cooling can efficiently
use a water-loop heat pump. Such systems have the flexibility and
control of a four-pipe system but use only two pipes. Water-source
heat pumps allow individual metering of each apartment. The
building owner pays only the utility cost for the circulating pump,
cooling tower, and supplemental boiler heat. Existing buildings can
be retrofitted with heat flow meters and timers on fan motors for
individual metering.

In some applications, the ground can be used as a heat sink with
a geothermal heat pump. This type of application can be advanta-
geous in areas where the water table is high and the soil is porous.

Special Concerns for Apartment Buildings

Many ventilation systems are used in apartment buildings. Local
building codes generally govern outdoor air quantities. ASHRAE
Standard 62.2 provides guidance on selecting ventilation airflow
rates based on the method used for distributing that air throughout
the building. Chapter 16 of the 2017 ASHRAE Handbook—Funda-
mentals provides additional information on residential ventilation.

Buildings using exhaust and supply air systems may benefit from
air-to-air heat or energy recovery devices (see Chapter 26 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment). Such
recovery devices can reduce energy consumption by transferring 40
to 80% of the sensible heat and some equipment latent heat between
the exhaust air and supply airstreams. In some buildings with cen-
trally controlled exhaust and supply systems, the systems are oper-
ated on time clocks for certain periods of the day. In other cases, the
outdoor air is reduced or shut off during extremely cold periods. If
known, these factors should be considered when estimating heating
and cooling loads.

Frequently, long line lengths and elevation changes may be re-
quired. For these situations, refrigerant piping must be designed to
meet requirements on refrigerant charge migration, pressure drop,
and oil return to the compressor. For further information, see
Chapter 49 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment.

Another important load, frequently overlooked, is heat gain from
piping for hot-water services.

Infiltration loads in high-rise buildings without ventilation open-
ings for perimeter units are not controllable year-round by general
building pressurization. When outer walls are penetrated to supply
outdoor air to unitary or fan-coil equipment, combined wind and
thermal stack effects create other infiltration problems.
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Interior public corridors in apartment buildings need
conditioning and smoke management to meet their ventilation and
thermal needs, and to meet the requirements of fire and life safety
codes. Stair towers, however, are normally kept separate from hall-
ways to maintain fire-safe egress routes and, if needed, to serve as
safe havens until rescue. Therefore, great care is needed when
designing buildings with interior hallways and stair towers. Chapter
53 provides further information.

Air-conditioning equipment must be isolated to reduce noise
generation or transmission. The design and location of cooling tow-
ers must be chosen to avoid disturbing occupants within the building
and neighbors in adjacent buildings. Also, for cooling towers, pre-
vention of Legionella is a serious concern. Further information on
cooling towers is in Chapter 40 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment.

In large apartment houses, a central building energy management
system may allow individual apartment air-conditioning systems or
units to be monitored for maintenance and operating purposes.

5. MANUFACTURED HOMES

Manufactured homes are constructed in factories rather than
site built. In 2015, they constituted approximately 6% of all
housing units in the United States (EIA 2017). Heating and cool-
ing systems in manufactured homes, as well as other facets of con-
struction such as insulation levels, are regulated in the United States
by the Housing and Urban Development (HUD) Manufactured
Housing Construction and Safety Standards Act. Each complete
home or home section is assembled on a transportation chassis,
which is used to transport the home from the factory to the home site
and serves as the base of the structure. Manufactured homes vary in
size from small, single-floor section units starting at 37 m? to large,
multiple sections, which when joined together can provide over
280 m? and have an appearance similar to site-constructed homes.

Heating systems are factory-installed and are primarily forced-
air downflow units feeding main supply ducts built into the subfloor,
with floor registers located throughout the home. A small
percentage of homes in the far southern and southwestern United
States use upflow units feeding overhead ducts in the attic space.
Typically, there is no return duct system. Air returns to the air han-
dler from each room through door undercuts, hallways, and a grilled
door or louvered panel. The complete heating system is a reduced-
clearance type with the air-handling unit installed in a small closet
or alcove, usually in a hallway. Sound control measures may be
required if large forced-air systems are installed close to sleeping
areas. Gas, oil, and electric furnaces or heat pumps may be installed
by the home manufacturer to satisfy market requirements.

Gas and oil furnaces are compact direct-vent types approved for
installation in a manufactured home. The special venting arrange-
ment used is a vertical through-the-roof concentric pipe-in-pipe
system that draws all air for combustion directly from the outdoors
and discharges combustion products through a windproof vent ter-
minal. Gas furnaces must be easily convertible from liquefied petro-
leum gas (LPG) to natural gas and back as required at the final site.
In the United States, 54% of manufactured homes use electricity for
their heat source, around 22% use natural gas, and 12% use propane
(EIA 2017).

Manufactured homes may be cooled with add-on split or single-
package air-conditioning systems when supply ducts are adequately
sized and rated for that purpose according to HUD requirements.
The split-system evaporator coil may be installed in the integral coil
cavity provided with the furnace. A high-static-pressure blower is
used to overcome resistance through the furnace, evaporator coil,
and compact air distribution system. Single-package air condition-
ers are connected with flexible air ducts to feed existing factory
in-floor or overhead ducts. Flexible ducts are installed underneath
the mobile home to connect multiple sections; because of their
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Fig. 5 Typical Installation of Heating and Cooling
Equipment for Manufactured Home

location, these ducts may be susceptible to damage by water or ani-
mals. Dampers or other means are required to prevent the cooled,
conditioned air from backflowing through a furnace cabinet.

A typical installation of a downflow gas or oil furnace with a
split-system air conditioner is shown in Figure 5. Air enters the fur-
nace from the hallway, passing through a louvered door on the front
of the furnace. The air then passes through air filters and is drawn
into the top-mounted blower, which during winter forces air down
over the heat exchanger, where it picks up heat. For summer cool-
ing, the blower forces air through the furnace heat exchanger and
then through the split-system evaporator coil, which removes heat
and moisture from the passing air. During heating and cooling, con-
ditioned air then passes through the floor base via a duct connector
before flowing into the floor air distribution duct. The evaporator
coil is connected with refrigerant lines to a remote air-cooled con-
densing unit. The condensate collected at the evaporator is drained
by a flexible hose, routed to the exterior through the floor construc-
tion, and connected to a suitable drain. Cooling equipment sizing
guidelines are provided by the Department of Energy through the
ENERGY STAR program for manufactured homes in the
continental United States (DOE 2005).
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HIS chapter covers design and application of air-conditioning

and heating systems for various retail merchandising facilities.
Load calculations, systems, and equipment are covered elsewhere in
the Handbook series.

1. GENERAL CRITERIA

To apply equipment properly, the construction of the space to be
conditioned, its use and occupancy, the time of day in which greatest
occupancy occurs, physical building characteristics, and lighting
layout must be known.

The following must also be considered:

Electric power: size of service

» Heating: availability of steam, hot water, gas, oil, or electricity

» Cooling: availability of chilled water, well water, city water, and
water conservation equipment

* Internal heat gains

* Equipment locations

* Structural considerations

» Rigging and delivery of equipment

* Obstructions

* Ventilation: opening through roof or wall for outdoor air duct

* Exposures and number of doors

* Orientation of store

* Code requirements

Utility rates and regulations

Building standards

Specific design requirements, such as the increase in outdoor air
required to make up for kitchen exhaust, must be considered. Venti-
lation requirements of ASHRAE Standard 62.1 must be followed.
Objectionable odors may necessitate special filtering, exhaust, and
additional outdoor air intake.

Security requirements must be considered and included in the
overall design and application. Minimum considerations require
secure equipment rooms, secure air-handling systems, and outdoor
air intakes located on the top of facilities. More extensive security
measures should be developed based on overall facility design,
owner requirements, and local authorities.

Load calculations should be made using the procedures outlined
in the ASHRAE Handbook—Fundamentals.

Almost all localities have some form of energy code in effect that
establishes strict requirements for insulation, equipment efficien-
cies, system designs, etc., and places strict limits on fenestration and
lighting. The requirements of ASHRAE Standard 90.1 must be met
as a minimum guideline for retail facilities. The Advanced Energy
Design Guide for Small Retail Buildings (ASHRAE 2006) provides
additional energy savings suggestions. In addition, see ASHRAE
Standards 90.1 and 189.1 for guidance on achieving further energy
savings.

The preparation of this chapter is assigned to TC 9.8, Large Building Air-
Conditioning Applications.

2.1

Retail facilities often have a high internal sensible heat gain rel-
ative to the total heat gain. However, the quantity of outdoor air
required by ventilation codes and standards may result in a high
latent heat removal demand at the equipment. The high latent heat
removal requirement may also occur at outdoor dry-bulb tempera-
tures below design. Unitary HVAC equipment and HVAC systems
should be designed and selected to provide the necessary sensible
and latent heat removal. The equipment, systems, and controls
should be designed to provide the necessary temperature, ventila-
tion, filtration, and humidity conditions.

HVAC system selection and design for retail facilities are nor-
mally determined by economics. First cost is usually the determin-
ing factor for small stores. For large retail facilities, owning,
operating, and maintenance costs are also considered. Decisions
about mechanical systems for retail facilities are typically based on
a cash flow analysis rather than on a full life-cycle analysis.

HVAC system provisions are provided initially in most retail
facilities, including strip centers, malls, and retail centers in high-
rise buildings. Provisions may include condenser water pipes or stub
out for fresh air intake in multiple points to satisfy a 93 m? module.
In strip centers, roof top unit provisions should be provided.

2. SMALL STORES

Small stores are typically located in convenience centers and may
have at least the store front exposed to outdoor weather, although
some are free standing. Large glass areas found at the front of many
small stores may cause high peak solar heat gain unless they have
northern exposures or large overhanging canopies. High heat loss
may be experienced on cold, cloudy days in the front of these stores.
The HVAC system for this portion of the small store should be
designed to offset the greater cooling and heating requirements.
Entrance vestibules, entry heaters, and/or air curtains may be needed
in some climates.

Design Considerations

System Design. Single-zone unitary rooftop equipment is com-
mon in store air conditioning. Using multiple units to condition the
store involves less ductwork and can maintain comfort in the event of
partial equipment failure. Prefabricated and matching curbs simplify
installation and ensure compatibility with roof materials.

Air to air heat pumps, offered as packaged equipment, are readily
adaptable to small-store applications. Ground-source and other
closed-loop heat pump systems have been provided for small stores
where the requirements of several users may be combined. Winter
design conditions, utility rates, maintenance costs, and operating
costs should be compared to those of conventional heating HVAC
systems before this type of system is chosen. Consider providing a
defrost cycle: in cold climates, snow cover may not allow fresh air
into the building.

Water-cooled unitary equipment is available for small-store air
conditioning. However, many communities restrict the use of city
water and groundwater for condensing purposes and may require
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installation of a cooling tower. Water-cooled equipment generally
operates efficiently and economically.

Air Distribution. External static pressures available in small-
store air-conditioning units are limited, and air distribution should
be designed to keep duct resistances low. Duct velocities should not
exceed 6 m/s, and pressure drop should not exceed 0.8 Pa/m. Aver-
age air quantities, typically range from 47 to 60 L/s per kilowatt of
cooling in accordance with the calculated internal sensible heat
load.

Pay attention to suspended obstacles (e.g., lights, soffits, ceiling
recesses, and displays) that interfere with proper air distribution.

The duct system should contain enough dampers for air balanc-
ing. Volume dampers should be installed in takeoffs from the main
supply duct to balance air to the branch ducts. Dampers should be
installed in the return and outdoor air ducts for proper outdoor air/
return air balance and for economizer operation.

Control. Controls for small stores should be kept as simple as
possible while still providing the required functions. Unitary equip-
ment is typically available with manufacturer-supplied controls for
easy installation and operation.

Automatic dampers should be placed in outdoor air inlets and in
exhausts to prevent air entering when the fan is turned off.

Heating controls vary with the nature of the heating medium.
Duct heaters are generally furnished with manufacturer-installed
safety controls. Steam or hot-water heating coils require a motor-
ized valve for heating control. Take care in preventing coil freez-
ing.

Open platform units for any direct digital control (DDC) should
provide the necessary options for remote control. Time clock con-
trol can limit unnecessary HVAC operation. Unoccupied reset con-
trols should be provided in conjunction with timed control.

Maintenance. To protect the initial investment and ensure max-
imum efficiency, maintenance of air-conditioning units in small
stores should be provided by a reliable service company on a yearly
basis. The maintenance agreement should clearly specify responsi-
bility for filter replacements, lubrication, belts, coil cleaning, ad-
justment of controls, refrigeration cycle maintenance, replacement
of refrigerant, pump repairs, electrical maintenance, winterizing,
system start-up, and extra labor required for repairs.

Improving Operating Cost. Outdoor air economizers can re-
duce the operating cost of cooling in most climates. They are gen-
erally available as factory options or accessories with roof-mounted
units. Increased exterior insulation generally reduces operating en-
ergy requirements and may in some cases allow the size of installed
equipment to be reduced. Most codes now include minimum re-
quirements for insulation and fenestration materials. The Advanced
Energy Design Guide for Small Retail Buildings (ASHRAE 2006)
provides additional energy savings suggestions.

3. DISCOUNT, BIG-BOX, AND
SUPERCENTER STORES

Large discount, big-box, and supercenter stores attract customers
with discount prices. These stores typically have high-bay fixture
displays and usually store merchandise in the sales area. They fea-
ture a wide range of merchandise and may include such diverse
areas as a food service area, auto service area, supermarket, phar-
macy, bank, and garden shop. Some stores sell pets, including fish
and birds. This variety of activity must be considered in designing
the HVAC systems. The design and application suggestions for
small stores also apply to discount stores.

Each specific area is typically treated as a traditional stand-alone
facility would be. Conditioning outdoor air for all areas must be
considered to limit the introduction of excess moisture that will
migrate to the freezer aisles of a grocery area.
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Hardware, lumber, furniture, etc., is also sold in big-box facilities.
A particular concern in this type of facility is ventilation for mer-
chandise and material-handling equipment, such as forklift trucks.

In addition, areas such as stockrooms, rest rooms, break rooms,
offices, and special storage rooms for perishable merchandise may
require separate HVAC systems or refrigeration.

Load Determination

Operating economics and the spaces served often dictate indoor
design conditions. Some stores may base summer load calculations
on a higher indoor temperature (e.g., 27°C db) but then set the ther-
mostats to control at 22 to 24°C db. This reduces the installed
equipment size while providing the desired indoor temperature
most of the time.

Heat gain from lighting is not uniform throughout the entire area.
For example, jewelry and other specialty displays typically have
lighting heat gains of 65 to 85 W/m? of floor area, whereas the typ-
ical sales area has an average value of 20 to 40 W/m2. For stock-
rooms and receiving, marking, toilet, and rest room areas, a value of
20 W/m? may be used. When available, actual lighting layouts
rather than average values should be used for load computation.
With LED lighting, these watt gains should be reduced substan-
tially. See ASHRAE Standard 189.1 for further ideas for reduction.

ASHRAE Standards 62.1 and 90.1 provide data and population
density information to be used for load determination. Chapter 34 of
this volume has specific information on ventilation systems for
kitchens and food service areas. Ventilation and outdoor air must be
provided as required in ASHRAE Standard 62.1 and local codes.

Data on the heat released by special merchandising equipment,
such as amusement rides for children or equipment used for prepar-
ing specialty food items (e.g., popcorn, pizza, frankfurters, ham-
burgers, doughnuts, roasted chickens, cooked nuts, etc.), should be
obtained from the equipment manufacturers.

Design Considerations

Heat released by installed lighting is often sufficient to offset the
design roof heat loss. Therefore, interior areas of these stores need
cooling during business hours throughout the year. Perimeter areas,
especially the storefront and entrance areas, may have highly vari-
able heating and cooling requirements. Proper zone control and
HVAC design are essential. Location of checkout lanes in the store-
front or entrance areas makes proper environmental zone control
even more important.

System Design. The important factors in selecting discount, big-
box, and supercenter store air-conditioning systems are (1) installa-
tion costs, (2) floor space required for equipment, (3) maintenance
requirements, (4) equipment reliability, and (5) simplicity of con-
trol. Roof-mounted units are most commonly used.

Air Distribution. The air supply for large interior sales areas
should generally be designed to satisfy the primary cooling
requirement. For perimeter areas, the variable heating and cool-
ing requirements must be considered.

Because these stores require high, clear areas for display and
restocking, air is generally distributed from heights of 4.3 m and
greater. Air distribution at these heights requires high discharge
velocities in the heating season to overcome the buoyancy of hot air.
This discharge air velocity creates turbulence in the space and
induces airflow from the ceiling area to promote complete mixing.
Space-mounted fans, and radiant heating at the perimeter, entrance
heaters, and air curtains may be required.

Control. Because the controls are usually operated by person-
nel who have little knowledge of air conditioning, systems should
be kept as simple as possible while still providing the required
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functions. Unitary equipment is typically available with manufac-
turer-supplied controls for easy installation and operation.

Automatic dampers should be placed in outdoor air inlets and in
exhausts to prevent air entering when the fan is turned off.

Heating controls vary with the nature of the heating medium.
Duct heaters are generally furnished with manufacturer-installed
safety controls. Steam or hot-water heating coils require a motor-
ized valve for heating control.

Open-platform DDC control should provide the necessary op-
tions for remote control.

Maintenance. Most stores do not employ trained HVAC main-
tenance personnel; they rely instead on service contracts with either
the installer or a local service company. (See the section on Small
Stores).

Improving Operating Cost. See the section on Small Stores.

4. SUPERMARKETS

Load Determination

Heating and cooling loads should be calculated using the meth-
ods outlined in Chapter 18 of the 2017 ASHRAE Handbook—Fun-
damentals. In supermarkets, space conditioning is required both for
human comfort and for proper operation of refrigerated display
cases. The air-conditioning unit should introduce a minimum quan-
tity of outdoor air, either the volume required for ventilation based
on ASHRAE Standard 62.1 or the volume required to maintain
slightly positive pressure in the space, whichever is larger.

Many supermarkets are units of a large chain owned or operated
by a single company. The standardized construction, layout, and
equipment used in designing many similar stores simplify load cal-
culations.

It is important that the final air-conditioning load be correctly
determined. Refer to manufacturers’ data for information on total heat
extraction, sensible heat, latent heat, and percentage of latent to total
load for display cases. Engineers report considerable fixture heat
removal (case load) variation as the relative humidity and temperature
vary in comparatively small increments. Relative humidity above
55% substantially increases the load; reduced absolute humidity sub-
stantially decreases the load, as shown in Figure 1. Trends in store
design, which include more food refrigeration and more efficient
lighting, reduce the sensible component of the load even further.

To calculate the total load and percentage of latent and sensible
heat that the air conditioning must handle, the refrigerating effect
imposed by the display fixtures must be subtracted from the build-
ing’s gross air-conditioning requirements (Table 1).

Modern supermarket designs have a high percentage of closed
refrigerated display fixtures. These vertical cases have large glass
display doors and greatly reduce the problem of latent and sensible
heat removal from the occupied space. The doors do, however,
require heaters to minimize condensation and fogging. These heat-
ers should cycle by automatic control.

For more information on supermarkets, see Chapter 15 in the
2018 ASHRAE Handbook—Refrigeration.

Design Considerations

Store owners and operators frequently complain about cold
aisles, heaters that operate even when the outdoor temperature is
above 21°C, and air conditioners that operate infrequently. These
problems are usually attributed to spillover of cold air from open
refrigerated display equipment.

Although refrigerated display equipment may cause cold stores,
the problem is not excessive spillover or improperly operating
equipment. Heating and air-conditioning systems must compensate
for the effects of open refrigerated display equipment. Design con-
siderations include the following:
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Table 1 Refrigerating Effect (RE) Produced by Open
Refrigerated Display Fixtures
RE on Building Per Unit Length of Fixture*
Latent % Latent Sensible Total
Heat, to Total Heat, RE,
Display Fixture Types W/m RE W/m W/m
Low-temperature (frozen food)
Single-deck 36 15 199 235
Single-deck/double-island 67 15 384 451
2-deck 138 20 554 692
3-deck 310 20 1238 1548
4- or 5-deck 384 20 1538 1922
Ice cream
Single-deck 62 15 352 414
Single-deck/double-island 67 15 384 451
Standard-temperature
Meats
Single-deck 50 15 286 336
Multideck 211 20 842 1053
Dairy, multideck 188 20 754 942
Produce
Single-deck 35 15 196 231
Multideck 184 20 738 922

*These figures are general magnitudes for fixtures adjusted for average desired product
temperatures and apply to store ambients in front of display cases of 22.2 to 23.3°C
with 50 to 55% rh. Raising the dry bulb only 2 to 3 K and the humidity to 5 to 10% can
increase loads (heat removal) 25% or more. Lower temperatures and humidities, as in
winter, have an equally marked effect on lowering loads and heat removal from the
space. Consult display case manufacturer’s data for the particular equipment to be used.

* Increased heating requirement because of removal of large quan-
tities of heat, even in summer.

* Net air-conditioning load after deducting the latent and sensible
refrigeration effect. The load reduction and change in sensible-
latent load ratio have a major effect on equipment selection.

* Need for special air circulation and distribution to offset the heat
removed by open refrigerating equipment.

* Need for independent temperature and humidity control.



Each of these problems is present to some degree in every super-
market, although situations vary with climate and store layout. Meth-
ods of overcoming these problems are discussed in the following
sections. Energy costs may be extremely high if the year-round air-
conditioning system has not been designed to compensate for the
effects of refrigerated display equipment.

Heat Removed by Refrigerated Displays. The display refrig-
erator not only cools a displayed product but also envelops it in a
blanket of cold air that absorbs heat from the room air in contact
with it. Approximately 80 to 90% of the heat removed from the
room by vertical refrigerators is absorbed through the display open-
ing. Thus, the open refrigerator acts as a large air cooler, absorbing
heat from the room and rejecting it via the condensers outside the
building. Occasionally, this conditioning effect can be greater than
the design air-conditioning capacity of the store. The heat removed
by the refrigeration equipment must be considered in the design of
the air-conditioning and heating systems because this heat is being
removed constantly, day and night, summer and winter, regardless
of the store temperature. Display cases should be provided with
sliding doors to minimize heat loss (see ASHRAE Standard 189.1).

Display cases increase the building heating requirement such that
heat is often required at unexpected times. The following example
shows the extent of this cooling effect. The desired store temperature
is 24°C. Store heat loss or gain is assumed to be 8 kW/K of tempera-
ture difference between outdoor and store temperature. (This value
varies with store size, location, and exposure.) The heat removed by
refrigeration equipment is 56 kW. (This value varies with the num-
ber of refrigerators.) The latent heat removed is assumed to be 19%
of the total, leaving 81% or 45.4 kW sensible heat removed, which
cools the store 45.4/8 =5.7 K. By constantly removing sensible heat
from its environment, the refrigeration equipment in this store will
cool the store 5.7 K below outdoor temperature in winter and in
summer. Thus, in mild climates, heat must be added to the store to
maintain comfort conditions.

The designer can either discard or reclaim the heat removed by
refrigeration. If economics and store heat data indicate that the heat
should be discarded, heat extraction from the space must be
included in the heating load calculation. If this internal heat loss is
not included, the heating system may not have sufficient capacity to
maintain design temperature under peak conditions.

The additional sensible heat removed by the cases may change
the air-conditioning latent load ratio from 32% to as much as 50%
of the net heat load. Removing a 50% latent load by refrigeration
alone is very difficult. Normally, it requires specially designed
equipment with reheat or chemical adsorption.

Multishelf refrigerated display equipment requires 55% rh or
less. In the dry-bulb temperature ranges of average stores, humidity
in excess of 55% can cause heavy coil frosting, product zone frost-
ing in low-temperature cases, fixture sweating, and substantially
increased refrigeration power consumption.

A humidistat can be used during summer cooling to control
humidity by transferring heat from the condenser to a heating coil in
the airstream. The store thermostat maintains proper summer tem-
perature conditions. Override controls prevent conflict between the
humidistat and the thermostat.

The equivalent result can be accomplished with a conven-
tional air-conditioning system by using three- or four-way valves
and reheat condensers in the ducts. This system borrows heat
from the standard condenser and is controlled by a humidistat.
For higher energy efficiency, specially designed equipment
should be considered. Desiccant dehumidifiers and heat pipes
have also been used.

Humidity. Cooling from refrigeration equipment does not pre-
clude the need for air conditioning. On the contrary, it increases the
need for humidity control.
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With increases in store humidity, heavier loads are imposed on
the refrigeration equipment, operating costs rise, more defrost peri-
ods are required, and the display life of products is shortened. The
dew point rises with relative humidity, and sweating can become so
profuse that even nonrefrigerated items such as shelving superstruc-
tures, canned products, mirrors, and walls may sweat.

Lower humidity results in lower operating costs for refriger-
ated cases. There are three methods to reduce the humidity level:
(1) standard air conditioning, which may overcool the space when
the latent load is high and sensible load is low; (2) mechanical dehu-
midification, which removes moisture by lowering the air tempera-
ture to its dew point, and uses hot-gas reheat when needed to
discharge at any desired temperature; and (3) desiccant dehumidifi-
cation, which removes moisture independent of temperature, sup-
plying warm air to the space unless postcooling is provided to
discharge at any desired temperature.

Each method provides different dew-point temperatures at dif-
ferent energy consumption and capital expenditures. The designer
should evaluate and consider all consequential trade-offs. Standard
air conditioning requires no additional investment but reduces the
space dew-point temperature only to 16 to 18°C. At 24°C space
temperature this results in 60 to 70% rh at best. Mechanical dehu-
midifiers can provide humidity levels of 40 to 50% at 24°C. Supply
air temperature can be controlled with hot-gas reheat between 10
and 32°C. Desiccant dehumidification can provide levels of 35 to
40% rh at 24°C. Postcooling supply air may be required, depending
on internal sensible loads. A desiccant is reactivated by passing hot
air at 80 to 121°C through the desiccant base. Consider adding a
heat recovery system to maintain low humidity and using the recov-
ered heat for reheat.

System Design. The same air-handling equipment and distribu-
tion system are generally used for both cooling and heating. The
entrance area is the most difficult section to heat. Many supermar-
kets in the northern United States are built with vestibules provided
with separate heating equipment to temper the cold air entering
from the outdoors. Auxiliary heat may also be provided at the
checkout area, which is usually close to the front entrance. Methods
of heating entrance areas include the use of (1) air curtains, (2) gas-
fired or electric infrared radiant heaters, and (3) waste heat from the
refrigeration condensers.

Air-cooled condensing units are the most commonly used in
supermarkets. Typically, a central air handler conditions the entire
sales area. Specialty areas like bakeries, computer rooms, or ware-
houses are better served with a separate air handler because the loads
in these areas vary and require different control than the sales area.

Most installations are made on the roof of the supermarket. If air-
cooled condensers are located on the ground outside the store, they
must be protected against vandalism as well as truck and customer
traffic. If water-cooled condensers are used on the air-conditioning
equipment and a cooling tower is required, provisions should be
made to prevent freezing during winter operation.

Air Distribution. Designers overcome the concentrated load at
the front of a supermarket by discharging a large portion of the total
air supply into the front third of the sales area.

The air supply to the space with a standard air-conditioning sys-
tem is typically 5 L/s per square metre of sales area. This value
should be calculated based on the sensible and latent internal loads.
The desiccant system typically requires less air supply because of its
high moisture removal rate, typically 2.5 L/s per square metre.
Mechanical dehumidification can fall within these parameters,
depending on required dew point and suction pressure limitations.

Being denser, air cooled by the refrigerators settles to the floor
and becomes increasingly colder, especially in the first 900 mm
above the floor. If this cold air remains still, it causes discomfort
and does not help to cool other areas of the store that need more
cooling. Cold floors or areas in the store cannot be eliminated by
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the simple addition of heat. Reduction of air-conditioning capacity
without circulation of localized cold air is analogous to installing
an air conditioner without a fan. To take advantage of the cooling
effect of the refrigerators and provide an even temperature in the
store, the cold air must be mixed with the general store air.

To accomplish the necessary mixing, air returns should be
located at floor level; they should also be strategically placed to
remove the cold air near concentrations of refrigerated fixtures.
Returns should be designed and located to avoid creating drafts.
There are two general solutions to this problem:

* Return Ducts in Floor. This is the preferred method and can be
accomplished in two ways. The floor area in front of the refriger-
ated display cases is the coolest area. Refrigerant lines are run to
all of these cases, usually in tubes or trenches. If the trenches or
tubes are enlarged and made to open under the cases for air return,
air can be drawn in from the cold area (Figure 2). The air is
returned to the air-handling unit through a tee connection to the
trench before it enters the back room area. The opening through
which the refrigerant lines enter the back room should be sealed.

If refrigerant line conduits are not used, air can be returned
through inexpensive underfloor ducts. If refrigerators have in-
sufficient undercase air passage, consult the manufacturer. Often
they can be raised off the floor approximately 40 mm. Floor
trenches can also be used as ducts for tubing, electrical supply,
and so forth.

Floor-level return relieves the problem of localized cold areas
and cold aisles and uses the cooling effect for store cooling, or
increases the heating efficiency by distributing the air to areas
that need it most.

* Fans Behind Cases. If ducts cannot be placed in the floor, cir-
culating fans can draw air from the floor and discharge it above
the cases (Figure 3). Although this approach prevents objection-
able cold aisles in front of the refrigerated display cases, it does
not prevent an area with a concentration of refrigerated fixtures
from remaining colder than the rest of the store.

Control. Store personnel should only be required to change the
position of a selector switch to start or stop the system or to change
from heating to cooling or from cooling to heating. Control systems
for heat recovery applications are more complex and should be
coordinated with the equipment manufacturer.

Maintenance and Heat Reclamation. Most supermarkets,
except large chains, do not employ trained maintenance personnel,
but rather rely on service contracts with either the installer or a local
service company. This relieves store management of the responsi-
bility of keeping the air conditioning operating properly.

Heat extracted from the store and heat of compression may be re-
claimed for heating cost saving. One method of reclaiming rejected
heat is to use a separate condenser coil located in the air condi-
tioner’s air handler, either alternately or in conjunction with the
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main refrigeration condensers, to provide heat as required (Figure
4). Another system uses water-cooled condensers and delivers its re-
jected heat to a water coil in the air handler.

The heat rejected by conventional machines using air-cooled
condensers may be reclaimed by proper duct and damper design
(Figure 5). Automatic controls can either reject this heat to the out-
doors or recirculate it through the store. Consider using warm liquid
defrost for evaporator coils on refrigerated cases, coolers, and freez-
ers (Mei et al. 2002).

5. DEPARTMENT STORES

Department stores vary in size, type, and location, so air-
conditioning design should be specific to each store. Essential fea-
tures of a quality system include (1) an automatic control system
properly designed to compensate for load fluctuations, (2) zoned air
distribution to maintain uniform conditions under shifting loads,
and (3) use of outdoor air for cooling during favorable conditions. It
is also desirable to adjust indoor temperature for variations in
outdoor temperature. Although close control of humidity is not
necessary, a properly designed system should operate to maintain
relative humidity at 50% or below. This humidity limit eliminates
musty odors and retards perspiration, particularly in fitting rooms.
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Table 2 Approximate Lighting Load for
Older Department Stores

Area W/m?

Basement 30 to 50
First floor 40 to 70
Upper floors, women’s wear 30 to 50
Upper floors, house furnishings 20 to 30

Load Determination

Because the occupancy (except store personnel) is transient,
indoor conditions are commonly set not to exceed 26°C db and 50%
rh at outdoor summer design conditions, and 21°C db at outdoor
winter design conditions. Winter humidification is seldom used in
store air conditioning.

ASHRAE Standard 62.1 provides population density informa-
tion for load determination purposes. Energy codes and standards
restrict installed lighting watt density for newly constructed facili-
ties. However, older facilities may have increased lighting watt den-
sities. Values in Table 2 are approximations for older facilities.

Other loads, such as those from motors, beauty parlors, restau-
rant equipment, and any special display or merchandising equip-
ment, should be determined.

Minimum outdoor air requirements should be as defined in ASH-
RAE Standard 62.1 or local codes.

Paint shops, alteration rooms, rest rooms, eating places, and
locker rooms should be provided with positive exhaust ventilation,
and their requirements must be checked against local codes.

Design Considerations

Before performing load calculations, the designer should exam-
ine the store arrangement to determine what will affect the load and
the system design. For existing buildings, actual construction, floor
arrangement, and load sources can be surveyed. For new buildings,
examination of the drawings and discussion with the architect or
owner is required.

Larger stores may contain beauty parlors, food service areas,
extensive office areas, auditoriums, warchouse space, etc. Some of
these special areas may operate during hours in addition to the nor-
mal store-open hours. If present or future operation could be com-
promised by such a strategy, these spaces should be served by
separate HVAC systems. Because of the concentrated load and
exhaust requirements, beauty parlors and food service areas should
be provided with separate ventilation and air distribution.

Future plans for the store must be ascertained because they can
have a great effect on the type of air conditioning and refrigeration
to be used.
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System Design. Air conditioning systems for department stores
may use unitary or central station equipment. Selection should be
based on owning and operating costs as well as special consider-
ations for the particular store, such as store hours, load variations,
and size of load.

Large department stores have often used central-station systems
consisting of air-handling units having chilled-water cooling coils,
hot-water heating coils, fans, and filters. Some department stores
now use large unitary units. Air systems must have adequate zoning
for varying loads, occupancy, and usage. Wide variations in people
loads may justify considering variable-volume air distribution sys-
tems. Water chilling and heating plants distribute water to the vari-
ous air handlers and zones and may take advantage of some load
diversity throughout the building.

Air-conditioning equipment should not be placed in the sales area;
instead, it should be located in mechanical equipment room areas or
on the roof whenever practicable. Ease of maintenance and operation
must be considered in the design of equipment rooms and locations.

Many locations require provisions for smoke removal. This is
normally accommodated through the roof and may be integrated
with the HVAC system.

Air Distribution. All buildings must be studied for orientation,
wind exposure, construction, and floor arrangement. These factors
affect not only load calculations, but also zone arrangements and
duct locations. In addition to entrances, wall areas with significant
glass, roof areas, and population densities, the expected locations of
various departments should be considered. Flexibility must be left
in the duct design to allow for future movement of departments. It
may be necessary to design separate air systems for entrances, par-
ticularly in northern areas. This is also true for storage areas where
cooling is not contemplated.

Air curtains may be installed at entrance doorways to limit infil-
tration of unconditioned air, at the same time providing greater ease
of entry.

Control. Space temperature controls are usually operated by
personnel who have little knowledge of air conditioning. Therefore,
exposed sensors and controls should be kept as simple as possible
while still providing the required functions.

Control must be such that correctly conditioned air is delivered to
each zone. Outdoor air intake should be automatically controlled to
operate at minimum cost while providing required airflow. Partial or
full automatic control should be provided for cooling to compensate
for load fluctuations. Completely automatic refrigeration plants
should be considered.

Heating controls vary with the nature of the heating medium.
Duct heaters are generally furnished with manufacturer-installed
safety controls. Steam or hot-water heating coils require a motor-
ized valve for heating control.

Time clock control can limit unnecessary HVAC operation.
Unoccupied reset controls should be provided in conjunction with
timed control.

Automatic dampers should be placed in outdoor air inlets and in
exhausts to prevent air entering when the fan is turned off.

Maintenance. Most department stores employ personnel for
routine housekeeping, operation, and minor maintenance, but rely
on service and preventive maintenance contracts for refrigeration
cycles, chemical treatment, central plant systems, and repairs.

Improving Operating Cost. An outdoor air economizer can
reduce the operating cost of cooling in most climates. These are
generally available as factory options or accessories with the air-
handling units or control systems. Heat recovery and desiccant
dehumidification should also be analyzed.

6. CONVENIENCE CENTERS

Many small stores, discount stores, supermarkets, drugstores,
theaters, and even department stores are located in convenience
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centers. The space for an individual store is usually leased. Arrange-
ments for installing air conditioning in leased space vary. Typically,
the developer builds a shell structure and provides the tenant with an
allowance for usual heating and cooling and other minimum interior
finish work. The tenant must then install an HVAC system. In
another arrangement, developers install HVAC units in the small
stores with the shell construction, often before the space is leased or
the occupancy is known. Larger stores typically provide their own
HVAC design and installation.

Design Considerations

The developer or owner may establish standards for typical heat-
ing and cooling that may or may not be sufficient for the tenant’s
specific requirements. The tenant may therefore have to install sys-
tems of different sizes and types than originally allowed for by the
developer. The tenant must ascertain that power and other services
will be available for the total intended requirements.

The use of party walls in convenience centers tends to reduce
heating and cooling loads. However, the effect an unoccupied adja-
cent space has on the partition load must be considered.

7. REGIONAL SHOPPING CENTERS

Regional shopping centers generally incorporate an enclosed,
heated and air-conditioned mall. These centers are normally owned
by a developer, who may be an independent party, a financial insti-
tution, or one of the major tenants in the center.

Some regional shopping centers are designed with an open pe-
destrian mall between rows of stores. This open-air concept results
in tenant spaces similar to those in a convenience center. Storefronts
and other perimeters of the tenant spaces are exposed to exterior
weather conditions.

Major department stores in shopping centers are typically con-
sidered separate buildings, although they are attached to the mall.
The space for individual small stores is usually leased. Arrange-
ments for installing air conditioning in the individually leased
spaces vary, but are similar to those for small stores in convenience
centers.

Table 3 presents typical data that can be used as check figures and
field estimates. However, this table should not be used for final
determination of load, because the values are only averages.

Design Considerations

The owner or developer provides the HVAC system for an en-
closed mall. The regional shopping center may use a central plant or
unitary equipment. The owner generally requires that the individual

Table 3 Typical Installed Cooling Capacity and
Lighting Levels: Midwestern United States

Area per Installed Annual

Unitof  Cooling Lighting Lighting

Installed per Unit  Density Energy
Cooling, of Area, of Area, Use,?

Type of Space m2/kW W/m? W/m?2  kWh/m?
Dry retail® 9.69 104.1 43.1 174.4
Restaurant 3.59 277.6 21.5 87.2

Fast food

Food court tenant area 4.23 236.6 323 131.3
Food court seating area 3.88 258.7 323 1313
Mall common area 7.61 135.6 323 131.3¢
Total 6.97 142.0 38.8 157.2

Source: Based on 2001 Data—Midwestern United States.

aHours of operating lighting assumes 12 h/day and 6.5 days/week.

bJewelry, high-end lingerie, and some other occupancy lighting levels are typically 65
to 85 120 W/m? and can range to 120 W/mZ. Cooling requirements for these spaces are
higher.

¢62.4 kWh/m? for centers that shut off lighting during daylight, assuming 6 h/day and
6.2 days/week.

tenant stores connect to a central plant and includes charges for
heating and cooling services. Where unitary systems are used, the
owner generally requires that the individual tenant install a unitary
system of similar design. Because of different functions and load
profiles, systems should be designed to recover heat transfer from
one area and transfer to the other to save annual energy consump-
tion.

The owner may establish standards for typical heating and
cooling systems that may or may not be sufficient for the tenant’s
specific requirements. Therefore, the tenant may have to install
systems of different sizes than originally allowed for by the
developer.

Leasing arrangements may include provisions that have a detri-
mental effect on conservation (such as allowing excessive lighting
and outdoor air or deleting requirements for economizer systems).
The designer of HVAC for tenants in a shopping center must be well
aware of the lease requirements and work closely with leasing
agents to guide these systems toward better energy efficiency.

Many regional shopping centers contain specialty food court
areas that require special considerations for odor control, outdoor
air requirements, kitchen exhaust, heat removal, and refrigeration
equipment.

System Design. Regional shopping centers vary widely in phys-
ical arrangement and architectural design. Single-level and smaller
centers usually use unitary systems for mall and tenant air condi-
tioning; multilevel and larger centers usually use a central system.
The owner sets the design of the mall and generally requires that
similar systems be installed for tenant stores.

A typical central system may distribute chilled air to individual
tenant stores and to the mall air-conditioning system and use variable-
volume control and electric heating at the local use point. Some plants
distribute both hot and chilled water. Some all-air systems also dis-
tribute heated air. Central plant systems typically provide improved
efficiency and better overall economics of operation. Central systems
may also provide the basic components required for smoke removal.

Air Distribution. Air distribution in individual stores should be
designed for the particular space occupancy. Some tenant stores
maintain a negative pressure relative to the public mall for odor
control.

The total facility HVAC system should maintain a slight positive
pressure relative to atmospheric pressure and a neutral pressure rel-
ative between most of the individual tenant stores. Exterior entrances
should have vestibules.

Smoke management is required by many building codes, so air
distribution should be designed to easily accommodate smoke con-
trol requirements.

Maintenance. Methods for ensuring the operation and mainte-
nance of HVAC systems in regional shopping centers are similar to
those used in department stores. Individual tenant stores may have
to provide their own maintenance.

Improving Operating Cost. Methods for lowering operating
costs in shopping centers are similar to those used in department
stores. Some shopping centers have successfully used cooling tower
heat exchanger economizers.

Central plant systems for regional shopping centers typically
have lower operating costs than unitary systems. However, the ini-
tial cost of the central plant system is typically higher.

8. MULTIPLE-USE COMPLEXES

Multiple-use complexes are being developed in many metropol-
itan areas. These complexes generally combine retail facilities with
other facilities such as offices, hotels, residences, or other commer-
cial space into a single site. This consolidation of facilities into a
single site or structure provides benefits such as improved land
use; structural savings; more efficient parking; utility savings; and



opportunities for more efficient electrical, fire protection, and me-
chanical systems.

Load Determination

The various occupancies may have peak HVAC demands that
occur at different times of the day or year. Therefore, the HVAC
loads of these occupancies should be determined independently.
Where a combined central plant is considered, a block load should
also be determined.

Design Considerations

Retail facilities are generally located on the lower levels of
multiple-use complexes, and other commercial facilities are on
upper levels. Generally, the perimeter loads of the retail portion dif-
fer from those of the other commercial spaces. Greater lighting and
population densities also make HVAC demands for the retail space
different from those for the other commercial space.

The differences in HVAC characteristics for various occupancies
within a multiple-use complex indicate that separate air handling
and distribution should be used for the separate spaces. However,
combining the heating and cooling requirements of various facilities
into a central plant can achieve a substantial saving. A combined
central heating and cooling plant for a multiple-use complex also
provides good opportunities for heat recovery, thermal storage, and
other similar functions that may not be economical in a single-use
facility.

Many multiple-use complexes have atriums. The stack effect cre-
ated by atriums requires special design considerations for tenants
and space on the main floor. Areas near entrances require special
measures to prevent drafts and accommodate extra heating require-
ments.

System Design. Individual air-handling and distribution systems
should be designed for the various occupancies. The central heating
and cooling plant may be sized for the block load requirements,
which may be less than the sum of each occupancy’s demand.

Control. Multiple-use complexes typically require centralized
control. It may be dictated by requirements for fire and smoke con-
trol, security, remote monitoring, billing for central facilities use,
maintenance control, building operations control, and energy man-
agement.

9. SUSTAINABILITY AND ENERGY EFFICIENCY

Many large retail chains have made significant advances in
implementing sustainability programs. Many retailers have added
leaders who focus on energy efficiency and sustainability to their
executive leadership teams, and some even establish and report sus-
tainability goals (Jamieson et al. 2013). ASHRAE Standard 90.1
and appropriate design guides and tools should be used to achieve
energy efficiency and sustainable design in a retail facility.

A dedicated integrated design group is helpful in developing and
implementing energy efficient design strategies. The design team
should be open to new and innovative energy-efficient designs that
may include geothermal heating and cooling, high-performance
lighting, heat recovery systems, high-efficiency HVAC, and renew-
able energy systems (Duarte 2013; Genest and Charneux 2005).

Design engineers should take advantage of ASHRAE’s Ad-
vanced Energy Design Guides (www.ashrae.org/technical-resources
/aedgs) to reduce energy-related expenses and to achieve retailer’s
corporate sustainability targets. While incorporating energy effi-
ciency measures, HVAC design engineers should consider items
such as heating and cooling loads, ventilation, energy management
systems, variable-speed fan controls, variable-speed pumps, vari-
able-frequency drives, and energy recovery systems; it is most im-
portant, however, to understand the needs of the facility. When
energy-efficient measures are properly implemented, they can lead
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to achieving a retailer’s corporate sustainable mission, higher em-
ployee morale, and reduced energy costs. Integrated design process
(IDP), described in Chapter 60, should be used. IDP promotes col-
laboration between a retailer’s sustainability goals and actual en-
ergy-saving strategies. In IDP, all stakeholders work together on a
common goal, “result[ing] in a coordinated, constructible, and cost-
effective design” (ASHRAE 2011).
Important elements of IDP are

Project kickoff

* Programming and project design
* Schematic design

* Design development

* Construction documents

» Bid phase

« Construction administration
* Commissioning

* Operations and maintenance
 Continuous improvement
Controlling costs

Building energy modeling and energy benchmarking tools
should be used to estimate energy consumptions, building behavior,
evaluation of energy use, and tracking. Chapter 19 of the 2017
ASHRAE Handbook—Fundamentals provides more information on
energy modeling methodologies. Commonly used benchmarking
tools include U.S. EPA ENERGY STAR Portfolio Manager (port-
foliomanager.energystar.gov) and Lawrence Berkeley National
Laboratory’s (LBNL) Standard Energy Efficiency Data Platform™
(www.energy.gov/eere/buildings/standard-energy-efficiency-data-
platform). To achieve sustainability and energy efficiency in a retail
facility, combined heat and power (CHP) and renewable energy
technologies such as solar thermal, solar photovoltaic, wind, and
biomass can be considered in conjunction with energy-efficient
measures.
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CHAPTER 3

COMMERCIAL AND PUBLIC BUILDINGS

Office BUildings.............cccccoocvevinccincnenciciacnnn.

Transportation Centers .............ccceucveeceeeevveeiieeann,

Warehouses and Distribution Centers ....

Sustainability and Energy Efficiency ......................
Commissioning and Retrocommissioning ...............

Seismic and Wind Restraint Considerations

HIS chapter contains technical, environmental, and design con-

siderations to assist the design engineer in the proper applica-
tion of HVAC systems and equipment for commercial and public
buildings.

1. OFFICE BUILDINGS

General Design Considerations

Despite cyclical market fluctuations, office buildings are consid-
ered the most complex and competitive segments of real estate
development. Survey data of 824 000 office buildings (EIA 2003)
demonstrate the distribution of the U.S. office buildings by the num-
bers and the area, as shown in Table 1.

According to Gause (1998), an office building can be divided into
the following categories:

Class. The most basic feature, class represents the building’s
quality by taking into account variables such as age, location, build-
ing materials, building systems, amenities, lease rates, etc. Office
buildings are of three classes: A, B, and C. Class A is generally the
most desirable building, located in the most desirable locations, and
offering first-rate design, building systems, and amenities. Class B
buildings are located in good locations, have little chance of func-
tional obsolescence, and have reasonable management. Class C
buildings are typically older, have not been modernized, are often
functionally obsolete, and may contain asbestos. These low stan-
dards make Class C buildings potential candidates for demolition or
conversion to another use.

Size and Flexibility. Office buildings are typically grouped into
three categories: high rise (16 stories and above), mid rise (four to
15 stories), and low rise (one to three stories).

Table 1 Data for U.S. Office Buildings

Percent of Total Floor

Number of  Total Space Percent of

Buildings Number of (Million Total Floor
(Thousands) Buildings m?) Space
Total 824 100.0 1135 100.0
93 to 465 m?2 503 61.0 128 11.32
466 to 929 m? 127 15.4 87 7.68
930 to 2323 m? 116 14.1 175 15.46
2324 to 4647 m? 43 52 140 12.34
4648 to 9264 m? 17 2.1 112 9.90
9265 to 18 587 m? 11 1.3 133 11.70
18 588 to 46 468 m? 5 0.6 139 12.23
>46 468 m? 2 0.2 220 19.37

Source: EIA (2003).

The preparation of this chapter is assigned to TC 9.8, Large Building Air-
Conditioning Applications.
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Location. An office building is typically in one of three locations:
downtown (usually high rises), suburban (low- to mid-rise build-
ings), or business/industrial park (typically one- to three-story
buildings).

Floorplate (Floor Space Area). Size typically ranges from 1670
to 2800 m? and averages from 1860 to 2320 m2.

Use and Ownership. Office buildings can be single tenant or
multitenant. A single-tenant building can be owned by the tenant or
leased from a landlord. From an HVAC&R systems standpoint, a
single tenant/owner is more cautious considering issues such as life-
cycle cost and energy conservation. In many cases, the systems are
not selected based on the lowest first cost but on life-cycle cost.
Sometimes, the developer may wish to select a system that allows
individual tenants to pay directly for the energy they consume.

Building Features and Amenities. Examples typically include
parking, telecommunications, HVAC&R, energy management,
restaurants, security, retail outlets, and health club.

Typical areas that can be found in office buildings are
Offices

* Offices: (private or semiprivate acoustically and/or visually).
* Conference rooms

Employee/Visitor Support Spaces

» Convenience store, kiosk, or vending machines

» Lobby: central location for building directory, schedules, and gen-
eral information

* Atria or common space: informal, multipurpose recreation and
social gathering space

 Cafeteria or dining hall

* Private toilets or restrooms

¢ Child care centers

* Physical fitness area

* Interior or surface parking areas

Administrative Support Spaces
* May be private or semiprivate acoustically and/or visually.
Operation and Maintenance Spaces

» General storage: for items such as stationery, equipment, and in-
structional materials

* Food preparation area or kitchen

+ Computer/information technology (IT) closets

* Maintenance closets

* Mechanical and electrical rooms

A well-designed and functioning HVAC system should provide
the following:

» Comfortable and consistent temperature and humidity

+ Adequate amounts of outdoor air at all time to satisfy ventilation
requirements

* Remove odors and contaminates from circulated air


http://www.ashrae.org/advertising/handbook-advertising/applications/commercial-and-public-buildings

The major factors affecting sizing and selection of the HVAC
systems are as follows:

* Building size, shape and number of floors

* Amount of exterior glass

* Orientation, envelope

* Internal loads, occupants, lighting

» Thermal zoning (number of zones, private offices, open areas, etc.)

Office HVAC systems generally range from small, unitary, decen-
tralized cooling and heating up to large systems comprising central
plants (chillers, cooling towers, boilers, etc.) and large air-handling
systems. Often, several types of HVAC systems are applied in one
building because of special requirements such as continuous opera-
tion, supplementary cooling, etc. In office buildings, the class of the
building also affects selection of the HVAC systems. For example, in
a class A office building, the HVAC&R systems must meet more
stringent criteria, including individual thermal control, noise, and
flexibility; HVAC systems such as single-zone constant-volume,
water-source heat pump, and packaged terminal air conditioners
(PTACs) might be inapplicable to this class, whereas properly designed
variable-air-volume (VAV) systems can meet these requirements.

Design Criteria

A typical HVAC design criteria covers parameters required for
thermal comfort, indoor air quality (IAQ), and sound. Thermal com-
fort parameters (temperature and humidity) are discussed in ASHRAE
Standard 55-2010 and Chapter 9 of the 2017 ASHRAE Handbook—
Fundamentals. Ventilation and IAQ are covered by ASHRAE Stan-
dard 62.1-2010, the user’s manual for that standard (ASHRAE 2010),
and Chapter 16 of the 2017 ASHRAE Handbook—Fundamentals.
Sound and vibration are discussed in Chapter 49 of this volume and
Chapter 8 of the 2017 ASHRAE Handbook—Fundamentals.

Thermal comfort is affected by air temperature, humidity, air
velocity, and mean radiant temperature (MRT), as well as nonenvi-
ronmental factors such as clothing, gender, age, and physical activ-
ity. These variables and how they correlate to thermal comfort can
be evaluated by the Thermal Comfort Tool CD (ASHRAE 1997) in
conjunction with ASHRAE Standard 55. General guidelines for
temperature and humidity applicable for areas in office buildings
are shown in Table 2.

All office, administration, and support areas need outdoor air for
ventilation. Outdoor air is introduced to occupied areas and then
exhausted by fans or exhaust openings, removing indoor air pollut-
ants generated by occupants and any other building-related sources.

Table 2 Typical Recommended Indoor Temperature and
Humidity in Office Buildings

Indoor Design Conditions

Temperature, °C/
Relative Humidity, %

‘Winter

Area Summer Comments

Offices, conference 20.3t024.2 23.3t026.7

rooms, common areas 20 to 30% 50 to 60%
Cafeteria 21.1t023.3 25.8
20 to 30% 50%

Kitchen 21.1t023.3 28.9to31.1 No humidity control

Toilets 22.2 Usually not
conditioned

Storage 17.8 No humidity control

Mechanical rooms 16.1 Usually not
conditioned
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ASHRAE Standard 62.1 is used as the basis for many building
codes. To define the ventilation and exhaust design criteria, consult
local applicable ventilation and exhaust standards. Table 3 provides
recommendations for ventilation design based on the ventilation
rate procedure method and filtration criteria for office buildings.

Acceptable noise levels in office buildings are important for
office personnel; see Table 4 and Chapter 49.

Load Characteristics

Office buildings usually include both peripheral and interior
zone spaces. The peripheral zone extends 3 to 3.6 m inward from the

Table3 Typical Recommended Design Criteria for
Ventilation and Filtration for Office Buildings

Ventilation and Exhaust®P

Combined Occupant Outdoor Air Minimum
Outdoor Air Density,f Filtration
(Default Value) per L/s per Efficiency,
Category L/s per Person 100 m? L/(ssm?) Unit MERV®
Office areas 8.5 5 61to8
Reception areas 3.5 30 6to8
Main entry 5.5 10 6to8
lobbies
Telephone/data 3.0 60 6to8
entry
Cafeteria 4.7 100 61to8
Kitchend-¢ 3.5 NA
(exhaust)
Toilets 35 NA
(exhaust)
Storage® 0.6 1to4
Notes:

aBased on ASHRAE Standard 62.1-2010, Tables 6-1 and 6-4. For systems serving
multiple zones, apply multiple-zone calculations procedure. If DCV is considered, see
the section on Demand Control Ventilation (DCV).

This table should not be used as the only source for design criteria. Governing local
codes, design guidelines, ANSI/ASHRAE Standard 62.1-2010 and user’s manual,
(ASHRAE 2010) must be consulted.

‘MERYV = minimum efficiency reporting values, based on ASHRAE Standard 52.2-2007.

dSee Chapter 34 for additional information on kitchen ventilation. For kitchenette use
1.5 L/(s'm?).

¢Consult local codes for kitchen exhaust requirements.

fUse default occupancy density when actual occupant density is not known.

€This recommendation for storage might not be sufficient when the materials stored
have harmful emissions.

Table4 Typical Recommended Design Guidelines for HVAC-
Related Background Sound for Areas in Office Buildings

Sound Criteria®P

RC (N);

Category QAI<5dB Comments
Executive and private 25 to 35

office
Conference rooms 25t0 35
Teleconference rooms <25
Open-plan office <40

space <35 With sound masking
Corridors and lobbies 40 to 45
Cafeteria 35to0 45 Based on service/support for hotels
Kitchen 35to 45 Based on service/support for hotels
Storage 35t0 45 Based on service/support for hotels
Mechanical rooms 351045 Based on service/support for hotels

Notes:

2Based on Table 1 in Chapter 49.

PRC (room criterion), QAI (quality assessment index) from Chapter 8 of the 2017
ASHRAE Handbook—Fundamentals.
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outer wall toward the interior of the building, and frequently has a
large window area. These zones may be extensively subdivided.
Peripheral zones have variable loads because of changing sun posi-
tion and weather. These zones typically require heating in winter.
During intermediate seasons, one side of the building may require
cooling, while another side requires heating. However, the interior
zone spaces usually require a fairly uniform cooling rate through-
out the year because their thermal loads are derived almost entirely
from lights, office equipment, and people. Interior space condition-
ing is often by systems that have VAV control for low- or no-load
conditions.

Most office buildings are occupied from approximately 8:00 AM
to 6:00 PM; many are occupied by some personnel from as early as
5:30 AM to as late as 7:00 PM. Some tenants’ operations may require
night work schedules, usually not beyond 10:00 pm. Office build-
ings may contain printing facilities, information and computing
centers, or broadcasting studios, which could operate 24 h per day.
Therefore, for economical air-conditioning design, the intended
uses of an office building must be well established before design
development.

Occupancy varies considerably. In accounting or other sections
where clerical work is done, the maximum density is approximately
one person per 7 m? of floor area. Where there are private offices,
the density may be as little as one person per 19 m2. The most seri-
ous cases, however, are the occasional waiting rooms, conference
rooms, or directors’ rooms, where occupancy may be as high as one
person per 2 m2.

The lighting load in an office building can be a significant part of
the total heat load. Lighting and normal equipment electrical loads
average from 10 to 50 W/m?2 but may be considerably higher, depend-
ing on the type of lighting and amount of equipment. Buildings with
computer systems and other electronic equipment can have electrical
loads as high as 50 to 110 W/mZ. The amount, size, and type of com-
puter equipment anticipated for the life of the building should be
accurately appraised to size the air-handling equipment properly and
provide for future installation of air-conditioning apparatus.

Total lighting heat output from recessed fixtures can be withdrawn
by exhaust or return air and thus kept out of space-conditioning
supply air requirements. By connecting a duct to each fixture, the
most balanced air system can be provided. However, this method
is expensive, so the suspended ceiling is often used as a return air
plenum with air drawn from the space to above the suspended
ceiling.

Miscellaneous allowances (for fan heat, duct heat pickup, duct
leakage, and safety factors) should not exceed 12% of the total load.

Building shape and orientation are often determined by the build-
ing site, but some variations in these factors can increase refrigera-
tion load. Shape and orientation should therefore be carefully
analyzed in the early design stages.

Design Concepts

The variety of functions and range of design criteria applicable to
office buildings have allowed the use of almost every available air-
conditioning system. Multistory structures are discussed here, but
the principles and criteria are similar for all sizes and shapes of
office buildings.

Attention to detail is extremely important, especially in modular
buildings. Each piece of equipment, duct and pipe connections, and
the like may be duplicated hundreds of times. Thus, seemingly
minor design variations may substantially affect construction and
operating costs. In initial design, each component must be analyzed
not only as an entity, but also as part of an integrated system. This
systems design approach is essential for achieving optimum results.

As discussed under General Design Considerations, there are
several classes of office buildings, determined by the type of financ-
ing required and the tenants who will occupy the building. Design

evaluation may vary considerably based on specific tenant require-
ments; it is not enough to consider typical floor patterns only. Many
larger office buildings include stores, restaurants, recreational facil-
ities, data centers, telecommunication centers, radio and television
studios, and observation decks.

Built-in system flexibility is essential for office building design.
Business office procedures are constantly being revised, and basic
building services should be able to meet changing tenant needs.

The type of occupancy may have an important bearing on air dis-
tribution system selection. For buildings with one owner or lessee,
operations may be defined clearly enough that a system can be
designed without the degree of flexibility needed for a less well-
defined operation. However, owner-occupied buildings may require
considerable design flexibility because the owner will pay for all
alterations. The speculative builder can generally charge alterations
to tenants. When different tenants occupy different floors, or even
parts of the same floor, the degree of design and operation complex-
ity increases to ensure proper environmental comfort conditions to
any tenant, group of tenants, or all tenants at once. This problem is
more acute if tenants have seasonal and variable overtime schedules.

Certain areas may have hours of occupancy or design criteria that
differ substantially from those of the office administration areas;
such areas should have their own air distribution systems and, in
some cases, their own heating and/or refrigeration equipment.

Main entrances and lobbies are sometimes served by a separate
and self contained system because they buffer the outdoor atmo-
sphere and the building interior. Some engineers prefer to have a
lobby summer temperature 2 to 3.5 K above office temperature to
reduce operating cost and temperature shock to people entering or
leaving the building. In cases where lobbies or main entrances have
longer (or constant) operation, a dedicated/self-contained HVAC
system is recommended to allow turning off other building systems.

The unique temperature and humidity requirements of server
rooms or computer equipment/data processing installations, and the
fact that they often run 24 h per day for extended periods, generally
warrant separate refrigeration and air distribution systems. Separate
back-up systems may be required for data processing areas in case
the main building HVAC system fails. Chapter 20 has further infor-
mation.

The degree of air filtration required should be determined. Ser-
vice cost and effect of air resistance on energy costs should be ana-
lyzed for various types of filters. Initial filter cost and air pollution
characteristics also need to be considered. Activated charcoal filters
for odor control and reduction of outdoor air requirements are
another option to consider.

Providing office buildings with continuous 100% outdoor air (OA)
is seldom justified, so most office buildings are designed to mini-
mize outdoor air use, except during economizer operation. How-
ever, attention to indoor air quality may dictate higher levels of
ventilation air. In addition, the minimum volume of outdoor air
should be maintained in variable-volume air-handling systems.
Dry-bulb- or enthalpy-controlled economizer cycles should be con-
sidered for reducing energy costs. Consult ASHRAE Standard 90.1-
2010 for the proper air economizer system (dry-bulb or enthalpy).
When an economizer cycle is used, systems should be zoned so that
energy is not wasted by heating outdoor air. This is often accom-
plished by a separate air distribution system for the interior and each
major exterior zone. A dedicated outdoor air system (DOAS) can be
considered where the zones are served by in-room terminal systems
(fan coils, induction unit systems, etc.) or decentralized systems
[e.g., minisplit HVAC, water-source heat pump (WSHP)]. Because
the outdoor air supply is relatively low in office buildings, air-to-air
heat recovery is not cost effective; instead, a DOAS with enhanced
cooling and dehumidification systems can be used.

These systems typically use hot-gas reheat or other means of free
reheat (e.g., heat pipes, plate-frame heat exchangers). In hot, humid



climates, these systems can significantly improve space conditions.
By having a DOAS, the OA supply can be turned off during unoc-
cupied hours (which can be significant in office buildings). In
unoccupied mode, the in-room unit needs to maintain only the
desired space conditions (e.g., night/weekend setback tempera-
ture).

High-rise office buildings have traditionally used perimeter fan-
powered VAV terminals, induction, or fan-coil systems. Separate
all-air systems have generally been used for the interior and/or the
exterior for the fan-powered VAV perimeter terminals; modulated air
diffusers and fan-powered perimeter unit systems have also been
used. If variable-air-volume systems serve the interior, perimeters
are usually served by variable-volume fan-powered terminals, typ-
ically equipped with hydronic (hot-water) or electric reheat coils.
In colder climates, perimeter baseboard heaters are commonly
applied. Baseboards are typically installed under windows to min-
imize the effect of the cold surface.

Many office buildings without an economizer cycle have a by-
pass multizone unit installed on each floor or several floors with a
heating coil in each exterior zone duct. VAV variations of the bypass
multizone and other floor-by-floor, all-air, or self-contained sys-
tems are also used. These systems are popular because of their low
fan power and initial cost, and the energy savings possible from in-
dependent operating schedules between floors occupied by tenants
with different operating hours.

Perimeter radiation or infrared systems with conventional, single-
duct, low-velocity air conditioning that furnishes air from packaged
air-conditioning units may be more economical for small office
buildings. The need for a perimeter system, which is a function of
exterior glass percentage, external wall thermal value, and climate
severity, should be carefully analyzed.

A perimeter heating system separate from the cooling system is
preferable, because air distribution devices can then be selected for
a specific duty rather than as a compromise between heating and
cooling performance. The higher cost of additional air-handling or
fan-coil units and ductwork may lead the designer to a less expen-
sive option, such as fan-powered terminal units with heating coils
serving perimeter zones in lieu of a separate heating system. Radi-
ant ceiling panels for perimeter zones are another option.

Interior space use usually requires that interior air-conditioning
systems allow modification to handle all load situations. Variable-
air-volume systems are often used. When using these systems, low-
load conditions should be carefully evaluated to determine whether
adequate air movement and outdoor air can be provided at the pro-
posed supply air temperature without overcooling. Increases in
supply air temperature tend to nullify energy savings in fan power,
which are characteristic of VAV systems. Low-temperature air
distribution for additional savings in transport energy is seeing
increased use, especially when coupled with an ice storage system.

In small to medium-sized office buildings, air-source heat pumps
or minisplit systems (cooling only, heat pump, or combination) such
as variable refrigerant flow (VRF) may be chosen. VRF systems that
can cool and heat simultaneously are available and allow users to
provide heating in perimeter zones and cooling in interior zones in a
similar fashion to four-pipe fan coil (FPFC) systems. In larger
buildings, water-source heat pump (WSHP) systems are feasible with
most types of air-conditioning systems. Heat removed from core
areas is rejected to either a cooling tower or perimeter circuits. The
water-source heat pump can be supplemented by a central heating
system or electrical coils on extremely cold days or over extended
periods of limited occupancy. Removed excess heat may also be
stored in hot-water tanks. Note that in-room systems (e.g., VRF,
WSHP) might need a DOAS to provide the required outdoor air.

Many heat recovery or water-source heat pump systems exhaust
air from conditioned spaces through lighting fixtures. This reduces

2019 ASHRAE Handbook—HVAC Applications (SI)

required air quantities and extends lamp life by providing a much
cooler ambient operating environment.

Suspended-ceiling return air plenums eliminate sheet metal
return air ductwork to reduce floor-to-floor height requirements.
However, suspended-ceiling plenums may increase the difficulty of
proper air balancing throughout the building. Problems often con-
nected with suspended ceiling return plenums include

« Air leakage through cracks, with resulting smudges

» Tendency of return air openings nearest to a shaft opening or col-
lector duct to pull too much air, thus creating uneven air motion
and possible noise

* Noise transmission between office spaces

Air leakage can be minimized by proper workmanship. To over-
come drawing too much air, return air ducts can be run in the sus-
pended ceiling pathway from the shaft, often in a simple radial
pattern. Ends of ducts can be left open or dampered. Generous siz-
ing of return air grilles and passages lowers the percentage of circuit
resistance attributable to the return air path. This bolsters effective-
ness of supply-air-balancing devices and reduces the significance of
air leakage and drawing too much air. Structural blockage can be
solved by locating openings in beams or partitions with fire damp-
ers, where required.

Systems and Equipment Selection

Selection of HVAC equipment and systems depends on whether
the facility is new or existing, and whether it is to be totally or
partially renovated. For minor renovations, existing HVAC systems
are often expanded in compliance with current codes and standards
with equipment that matches the existing types. For major reno-
vations or new construction, new HVAC systems and equipment
should be installed. When applicable, the remaining useful life of
existing equipment and distribution systems should be considered.

HVAC systems and equipment energy use and associated life
cycle costs should be evaluated. Energy analysis may justify new
HVAC equipment and systems when an acceptable return on invest-
ment can be shown. The engineer must review all assumptions in the
energy analysis with the owner. Other considerations for existing
facilities are (1) whether the central plant is of adequate capacity to
handle additional loads from new or renovated facilities; (2) age and
condition of existing equipment, pipes, and controls; and (3) capital
and operating costs of new equipment.

Chapter 1 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment provides general guidelines on HVAC systems analysis
and selection procedures. Although in many cases system selection
is based solely on the lowest first cost, it is suggested that the engi-
neer propose a system with the lowest life-cycle cost (LCC). LCC
analysis typically requires hour-by-hour building energy simula-
tion for annual energy cost estimation. Detailed first and mainte-
nance cost estimates of proposed design alternatives, using sources
such as R.S. Means (R.S. Means 2010a, 2010b), can also be used
for the LCC analysis along with software such as BLCC 5.1 (FEMP
2003). Refer to Chapters 38 and 60 and the Value Engineering and
Life-Cycle Cost Analysis section of this chapter for additional
information.

System Types. HVAC systems for office buildings may be cen-
tralized, decentralized, or a combination of both. Centralized sys-
tems typically incorporate secondary systems to treat the air and
distribute it. The cooling and heating medium is typically water or
brine that is cooled and/or heated in a primary system and distrib-
uted to the secondary systems. Centralized systems comprise the
following systems:

Secondary Systems

* Air handling and distribution (see Chapter 4 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment)
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¢ In-room terminal systems (see Chapter 5 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment)

Dedicated outdoor air systems (DOAS) with chilled water for
cooling and hot water, steam, or electric heat for heating (for spe-
cial areas when required)

Primary Systems

* Central cooling and heating plant (see Chapter 3 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment)

More detailed information on systems selection by application
can be found in Table 5.

Typical decentralized systems (dedicated systems serving a sin-
gle zone, or packaged systems such as packaged variable air vol-
ume) include the following:

* Water-source heat pumps (WSHP), also known as water-loop heat
pumps (WLHP)

* Geothermal heat pumps (e.g., groundwater heat pumps, ground-
coupled heat pumps)

 Hybrid geothermal heat pumps (combination of groundwater heat
pumps, ground-coupled heat pumps, and an additional heat rejec-
tion device) for cases with limited area for the ground-coupled
heat exchanger or where it is economically justified

» Packaged single-zone and variable-volume units

 Light commercial split systems

* Minisplit and variable refrigerant flow (VRF) units

Chapters 2, 9, 49, and 50 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment provide additional information on
decentralized HVAC systems. Additional information on geother-
mal energy can be found in Chapter 35 of this volume.

Whereas small office buildings (<2320 m?) normally apply pack-
aged unitary and split systems equipment, larger office buildings
can use a combination of packaged, unitary, split, and/or centralized
systems, or large packaged rooftop systems. The building class also
must be considered during system selection.

Systems Selection by Application. Table 5 shows the applica-
bility of several systems for office buildings.

Special Systems

The following is a list of systems that can be considered for spe-
cial areas in office buildings. Chapter 58 of this volume, Chapter 6
of the 2016 ASHRAE Handbook—HVAC Systems and Equipment,
and Skistad et al. (2002) provide additional information of these
systems.

« Displacement ventilation
» Underfloor air distribution (UFAD)
« Active (induction) and passive chilled beams

Demand-Controlled Ventilation (DCV). Demand-controlled
ventilation can reduce the operating cost of HVAC systems. Areas

such as auditoriums, large conference rooms, and other spaces
designed for large numbers of occupants and intermittent occu-
pancy can use DCV. This approach is most cost effective when one
dedicated air handling system serves each of these zones. Special
attention is required when DCV is applied to VAV systems. In these
cases, it is insufficient to use only one CO, sensor in the return air
plenum of the central AHU, because the readings are the average of
all the zones. To address properly DCV ina VAV system, a CO, sen-
sor is required in every controlled zone.

Spatial Requirements

Total office building electromechanical space requirements vary
tremendously based on types of systems planned; however, the aver-
age is approximately 8 to 10% of the gross area. Clear height required
for fan rooms varies from approximately 3 to 5.5 m, depending on the
distribution system and equipment complexity. On office floors, pe-
rimeter fan-coil or induction units require approximately 1 to 3% of
the floor area. Interior air shafts and pipe chases require approxi-
mately 3 to 5% of the floor area. Therefore, ducts, pipes, and equip-
ment require approximately 4 to 8% of each floor’s gross area.

Where large central units supply multiple floors, shaft space
requirements depend on the number of fan rooms. In such cases, one
mechanical equipment room usually furnishes air requirements for
8 to 20 floors (above and below for intermediate levels), with an
average of 12 floors. The more floors served, the larger the duct
shafts and equipment required. This results in higher fan room
heights and greater equipment size and mass.

The fewer floors served by an equipment room, the greater the flex-
ibility in serving changing floor or tenant requirements. Often, one
mechanical equipment room per floor and complete elimination of ver-
tical shafts requires no more total floor area than fewer larger mechan-
ical equipment rooms, especially when there are many small rooms and
they are the same height as typical floors. Equipment can also be
smaller, although maintenance costs are higher. Energy costs may be
reduced with more equipment rooms serving fewer areas, because
equipment can be shut off in unoccupied areas, and high-pressure
ductwork is not required. Equipment rooms on upper levels generally
cost more to install because of rigging and transportation logistics.

In all cases, mechanical equipment rooms must be thermally and
acoustically isolated from office areas.

Cooling Towers. Cooling towers can be the largest single piece
of equipment required for air-conditioning systems. Cooling towers
require approximately 1 m? of floor area per 400 m? of total building
area and are 4 to 12 m high. If towers are located on the roof, the
building structure must be able to support the cooling tower and
dunnage, full water load (approximately 590 to 730 kg/m?), and
seismic and wind load stresses.

Where cooling tower noise may affect neighboring buildings,
tower design should include sound traps or other suitable noise baf-
fles. This may affect tower space, mass of the units, and motor

Table 5 Applicability of Systems to Typical Office Buildings

Cooling/Heating Systems

Centralized Decentralized Heating Only
Fan Coil Geothermal Heat
(Two-and PSZ/SZ* Pump and Hybrid Perimeter
VAV/  Four- Split/  PVAV/ Geothermal Baseboard/ Unit

Building Area/Stories SZ? Reheat Pipe) VRF  Reheat WSHP Heat Pump Radiators  Heaters
<2320 m2, one to three stories X X X X Special areas
2230 to 13 940 m2, one to five stories X X X X X X X X Special areas
>13 940 m2, low rise and high rise X X X X X X Special areas

*S7Z = single zone
VAV = variable-air-volume

PSZ = packaged single zone
PVAYV = packaged variable-air-volume

WSHP = water-source heat pump
VREF = variable refrigerant flow



power. Slightly oversizing cooling towers can reduce noise and
power consumption because of lower speeds and also the ability to
reduce the condenser water temperature, which reduces cooling
energy. The size increase may increase initial cost.

Cooling towers are sometimes enclosed in a decorative screen
for aesthetic reasons; therefore, calculations should ascertain that
the screen has sufficient free area for the tower to obtain its required
air quantity and to prevent recirculation.

If the tower is placed in a rooftop well or near a wall, or split into
several towers at various locations, design becomes more compli-
cated, and initial and operating costs increase substantially. Also,
towers should not be split and placed on different levels because
hydraulic problems increase. Finally, the cooling tower should be
built high enough above the roof so that the bottom of the tower and
the roof can be maintained properly.

Special Considerations

Office building areas with special ventilation and cooling re-
quirements include elevator machine rooms, electrical and tele-
phone closets, electrical switchgear, plumbing rooms, refrigeration
rooms, and mechanical equipment rooms. The high heat loads in
some of these rooms may require air-conditioning units for spot
cooling.

In larger buildings with intermediate elevator, mechanical, and
electrical machine rooms, it is desirable to have these rooms on the
same level or possibly on two levels. This may simplify horizontal
ductwork, piping, and conduit distribution systems and allow more
effective ventilation and maintenance of these equipment rooms.

An air-conditioning system cannot prevent occupants at the
perimeter from feeling direct sunlight. Venetian blinds and drapes
are often provided but seldom used. External shading devices
(screens, overhangs, etc.) or reflective glass are preferable.

Tall buildings in cold climates experience severe stack effect.
The extra amount of heat provided by the air-conditioning system in
attempts to overcome this problem can be substantial. The follow-
ing features help combat infiltration from stack effect:

» Revolving doors or vestibules at exterior entrances

* Pressurized lobbies or lower floors

» Tight gaskets on stairwell doors leading to the roof

* Automatic dampers on elevator shaft vents

« Tight construction of the exterior skin

 Tight closure and seals on all dampers opening to the exterior

2. TRANSPORTATION CENTERS

Major transportation facilities include transit facilities (rail tran-
sit, bus terminals), airports, and cruise terminals. Other areas that
can be found in transportation centers are airplane hangars and
freight and mail buildings, which can be treated as warehouse facil-
ities. Bus terminals are covered partially in this chapter, but Chapter
16 provides more detail.

Airports

Airports are large, complex, and highly profitable enterprise.
Most U.S. airports are public nonprofits, run directly by govern-
ment entities or by government-created authorities known as airport
or port authorities. There are three main types of airports:

« International airports serving over 20 million passengers a year.

 National airports serving between 2 to 20 million passengers a
year.

» Regional airport serving up to 2 million passengers a year.

Airports typically consists the following:

* Runways and taxiing areas
* Air traffic control buildings
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* Aircraft maintenance buildings and hangars

» Passenger terminals and car parking (open, partially open, or
totally enclosed)

 Freight warehouses

» Lodging facilities (hotels)

In addition, support areas such as administration buildings, cen-
tral utility plants, and transit facilities (rail and bus) are common in
airport facilities.

Areas such as hangars, hotels, and car parking are not covered in
this section. Information about hotels and parking garages can be
found in Chapters 7 and 16, respectively. Warehouses are discussed
in the next section of this chapter.

Most terminals can be divided into the following sections and
subsections:

Departure

 Entrance concourse

* Check-in and ticketing

* Security and passports

» Shops, restaurants, banks, medical services, conference and
business facilities, etc.

 Departure lounge

* Departure gates

Arrival

* Arrival lounge
» Baggage claim
» Customs, immigration, and passport control
« Exit concourse

Cruise Terminals

Cruise terminals typically have three main areas: departure/
arrival concourse, ticketing, and baggage handling. These areas are
open and large, and are designed to provide acceptable thermal
comfort to the passenger during embarkation and debarkation.

Design Criteria

Transportation centers consist of a variety of areas, such as
administration, large open areas, shops, and restaurants. Design cri-
teria for these areas should be based on information on relevant
chapters from this volume or ASHRAE Standard 62.1.

Load Characteristics

Airports, cruise terminals, and bus terminals operate on a 24 h
basis, with a reduced schedule during late night and early morning
hours. To better understand the load characteristics of these facili-
ties, computer-based building energy modeling and simulation tools
should be used; this chapter provides basic information and refer-
ences for energy modeling. Given the dynamic nature of transpor-
tation facilities, well-supported assumptions of occupancy
schedules should be established during the analysis process.

Airports. Terminal buildings consist of large, open circulating
areas, one or more floors high, often with high ceilings, ticketing
counters, and various types of stores, concessions, and convenience
facilities. Lighting and equipment loads are generally average, but
occupancy varies substantially. Exterior loads are, of course, a func-
tion of architectural design. The largest single problem often is ther-
mal drafts created by large entranceways, high ceilings, and long
passageways that have openings to the outdoors.

Cruise Terminals. Freight and passenger docks consist of large,
high-ceilinged structures with separate areas for administration, vis-
itors, passengers, cargo storage, and work. The floor of the dock is
usually exposed to the outdoors just above the water level. Portions
of the sidewalls are often open while ships are in port. In addition,
the large ceiling (roof) area presents a large heating and cooling
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load. Load characteristics of passenger dock terminals generally
require roof and floors to be well insulated. Occasional heavy occu-
pancy loads in visitor and passenger areas must be considered.

Bus Terminals. These buildings consist of two general areas: the
terminal, which contains passenger circulation, ticket booths, and
stores or concessions; and the bus loading area. Waiting rooms and
passenger concourse areas are subject to a highly variable occupant
load: density may reach 1 m? per person and, at extreme periods, 0.3
to 0.5 m? per person. Chapter 16 has further information on bus
terminals.

Design Concepts

Heating and cooling is generally centralized or provided for each
building or group in a complex. In large, open-circulation areas of
transportation centers, any all-air system with zone control can be
used. Where ceilings are high, air distribution is often along the side
wall to concentrate air conditioning where desired and avoid dis-
turbing stratified air. Perimeter areas may require heating by radia-
tion, a fan-coil system, or hot air blown up from the sill or floor
grilles, particularly in colder climates. Hydronic perimeter radiant
ceiling panels may be especially suited to these high-load areas.

Airports. Airports generally consist of one or more central termi-
nal buildings connected by long passageways or trains to rotundas
containing departure lounges for airplane loading. Most terminals
have portable telescoping-type loading bridges connecting depar-
ture lounges to the airplanes. These passageways eliminate heat-
ing and cooling problems associated with traditional permanent
passenger-loading structures.

Because of difficulties in controlling the air balance and because
of the many outdoor openings, high ceilings, and long, low passage-
ways (which often are not air conditioned), the terminal building
(usually air conditioned) should be designed to maintain a substan-
tial positive pressure. Zoning is generally required in passenger
waiting areas, in departure lounges, and at ticket counters to take
care of the widely variable occupancy loads.

Main entrances may have vestibules and windbreaker partitions
to minimize undesirable air currents in the building.

Hangars must be heated in cold weather, and ventilation may be
required to eliminate possible fumes (although fueling is seldom per-
mitted in hangars). Gas-fired, electric, and low- and high-intensity
radiant heaters are used extensively in hangars because they provide
comfort for employees at relatively low operating costs.

Hangars may also be heated by large air blast heaters or floor-
buried heated liquid coils. Local exhaust air systems may be used to
evacuate fumes and odors that occur in smaller ducted systems.
Under some conditions, exhaust systems may be portable and may
include odor-absorbing devices.

Cruise Terminals. In severe climates, occupied floor areas may
contain heated floor panels. The roof should be well insulated, and,
in appropriate climates, evaporative spray cooling substantially
reduces the summer load. Freight docks are usually heated and well
ventilated but seldom cooled.

High ceilings and openings to the outdoors may present serious
draft problems unless the systems are designed properly. Vestibule
entrances or air curtains help minimize cross drafts. Air door blast
heaters at cargo opening areas may be quite effective.

Ventilation of the dock terminal should prevent noxious fumes
and odors from reaching occupied areas. Therefore, occupied areas
should be under positive pressure and cargo and storage areas
exhausted to maintain negative air pressure. Occupied areas should
be enclosed to simplify any local air conditioning.

In many respects, these are among the most difficult buildings to
heat and cool because of their large open areas. If each function is
properly enclosed, any commonly used all-air or large fan-coil sys-
tem is suitable. If areas are left largely open, the best approach is to
concentrate on proper building design and heating and cooling of

the openings. High-intensity infrared spot heating is often advanta-
geous (see Chapter 16 ofthe 2016 ASHRAE Handbook—HVAC Sys-
tems and Equipment). Exhaust ventilation from tow truck and cargo
areas should be exhausted through the roof of the dock terminal.

Bus Terminals. Conditions are similar to those for airport termi-
nals, except that all-air systems are more practical because ceiling
heights are often lower, and perimeters are usually flanked by stores
or office areas. The same systems are applicable as for airport ter-
minals, but ceiling air distribution is generally feasible.

Properly designed radiant hydronic or electric ceiling systems
may be used if high-occupancy latent loads are fully considered.
This may result in smaller duct sizes than are required for all-air sys-
tems and may be advantageous where bus-loading areas are above
the terminal and require structural beams. This heating and cooling
system reduces the volume of the building that must be conditioned.
In areas where latent load is a concern, heating-only panels may be
used at the perimeter, with a cooling-only interior system.

The terminal area air supply system should be under high posi-
tive pressure to ensure that no fumes and odors infiltrate from bus
areas. Positive exhaust from bus loading areas is essential for a
properly operating total system (see Chapter 16).

Systems and Equipment Selection

Given the size and magnitude of the systems in airports and
cruise terminals, the selection of the HVAC equipment and systems
tend to be centralized. Depending on the area served and site limita-
tions, decentralized systems can also be considered for these spe-
cific cases.

Centralized systems typically incorporate secondary systems to
treat and distribute air. The cooling and heating medium is typically
water or brine that is cooled and/or heated in a primary system and
distributed to the secondary systems. Centralized systems comprise
the following systems:

Secondary Systems

 Air handling and distribution (see Chapter 4 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment)

* In-room terminal systems (see Chapter 5 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment)

* Secondary systems such as variable air volume (VAV) are
common in airports. Small, single-zone areas can be treated
by constant-volume systems or fan coils.

Primary Systems

* Central cooling and heating plant (see Chapter 3 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment)

 For cases where decentralized systems (dedicated systems
serving a single zone or packaged systems such as packaged
variable air volume) are:

* Water-source heat pumps (WSHP) (also known as water-
loop heat pumps or WLHP)

« Packaged single-zone and variable-volume units

* Light commercial split systems

* Mini-split and variable-refrigerant-flow (VRF) units

Special Considerations

Airports. Filtering outdoor air with activated charcoal filters
should be considered for areas subject to excessive noxious fumes
from jet engine exhausts. However, locating outdoor air intakes as
remotely as possible from airplanes is a less expensive and more
positive approach.

Where ionization filtration enhancers are used, outdoor air quan-
tities are sometimes reduced because the air is cleaner. However,
care must be taken to maintain sufficient amounts of outdoor air for
space pressurization.



Cruise Terminals. Ventilation design must ensure that fumes
and odors from forklifts and cargo in work areas do not penetrate
occupied and administrative areas.

Bus Terminals. The primary concerns with enclosed bus loading
areas are health and safety problems, which must be handled by
proper ventilation (see Chapter 16). Although diesel engine fumes
are generally not as noxious as gasoline fumes, bus terminals often
have many buses loading and unloading at the same time, and the
total amount of fumes and odors may be disturbing.

In terms of health and safety, enclosed bus loading areas and
automobile parking garages present the most serious problems.
Three major problems are encountered, the first and most serious of
which is emission of carbon monoxide (CO) by cars and oxides of
nitrogen (NO, ) by buses, which can cause serious illness and pos-
sibly death. Oil and gasoline fumes, which may cause nausea and
headaches and can create a fire hazard, are also of concern. The third
issue is lack of air movement and the resulting stale atmosphere
caused by increased CO content in the air. This condition may cause
headaches or grogginess. Most codes require a minimum ventilation
rate to ensure that the CO concentration does not exceed safe limits.
Chapter 16 covers ventilation requirements and calculation proce-
dures for enclosed vehicular facilities in detail.

All underground garages should have facilities for testing the CO
concentration or should have the garage checked periodically. Prob-
lems such as clogged duct systems; improperly operating fans,
motors, or dampers; or clogged air intake or exhaust louvers may
not allow proper air circulation. Proper maintenance is required to
minimize any operational defects.

3. WAREHOUSES AND DISTRIBUTION CENTERS

General Design Considerations

Warehouses can be defined as facilities that provide proper envi-
ronment for the purpose of storing goods and materials. They are
also used to store equipment and material inventory at industrial
facilities. At times, warehouses may be open to the public. The
buildings are generally not air conditioned, but often have sufficient
heat and ventilation to provide a tolerable working environment. In
many cases, associated facilities occupied by office workers, such as
shipping, receiving, and inventory control offices, are air condi-
tioned. Warehouses must be designed to accommodate the loads of
materials to be stored, associated handling equipment, receiving and
shipping operations and associated trucking, and needs of operating
personnel. Types of warehouses include the following:

* Heated and unheated general warehouses provide space for
bulk, rack, and bin storage, aisle space, receiving and shipping
space, packing and crating space, and office and toilet space.
As indicated some areas are typically equipped with small-
decentralized air-conditioning systems for the support personnel.

* Conditioned general warehouses are similar to heated and
unheated general warehouses, but can provide space cooling to
meet the stored goods’ requirements.

* Refrigerated warehouses are designed to preserve the quality of
perishable goods and general supply materials that require refrig-
eration. This includes freeze and chill spaces, processing facili-
ties, and mechanical areas. For information on this type of
warehouse, see Chapters 23 and 24 in the 2018 ASHRAE Hand-
book—Refrigeration.

* Controlled humidity (CH) and dry-air storage warehouses are
similar to general warehouses except that they are constructed
with vapor barriers and contain humidity control equipment to
maintain humidity at desired levels. For additional information,
see Chapter 29 of Harriman et al. (2001).

* Specialty warehouses includes storing facilities with special and
in some instances strict requirements for temperature, humidity,
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cleanliness, minimum ventilation rates, etc. These facilities are
typically conditioned to achieve the required space conditions.
These warehouses can be found in industrial and manufacturing
facilities or can be standalone buildings. Examples include

» Pharmaceutical and life sciences facilities. Good manufacturing
practices (GMP) may be required.

Liquid storage (fuel and nonpropellants), flammable and com-
bustible storage, radioactive material storage, hazardous chem-
ical storage, and ammunition storage.

* Automated storage and retrieval systems (AS/RS), which are
designed for maximum storage and minimum personnel on site.
They are built for lower-temperature operation with minimal
heat and light needed, but require a tall structure with extremely
level floors. In some cases, specialty HVAC equipment is
required for servers and other computer areas in AS/RS facility.

Features already now common in warehouse designs are higher
bays, sophisticated materials-handling equipment, broadband con-
nectivity access, and more distribution networks. A wide range of
storage alternatives, picking alternatives, material-handling equip-
ment, and software exist to meet the physical and operational
requirements. Warehouse spaces must also be flexible to accommo-
date future operations and storage needs as well as mission changes.

Areas that can be found in warehouses and distribution centers
include the following:

 Storage areas

» Office and administrative areas
* Loading docks

« Light industrial spaces

» Computer/server rooms

Other areas can be site specific.

Design Criteria

Design criteria (temperature, humidity, noise, etc.) for ware-
houses are space specific; the designer should refer to the relevant
sections and chapters (e.g., the section on Office Buildings for office
and administration areas). For conditioned storage areas, the special
requirements of the product stores dictate the design conditions.

Outdoor air for ventilation of office, administration, and support
areas should be based on local code requirements or ASHRAE Stan-
dard 62.1. For general warehouses where special ventilation or min-
imum ventilation rates are not specifically defined, Standard 62.1
can be used as the criterion for minimum outdoor air. To define the
specific ventilation and exhaust design criteria, consult local
applicable ventilation and exhaust standards. Table 6-1 of Stan-
dard 62.1 recommends 0.3 L/(s-m?) of ventilation as a design cri-
terion for warehouse ventilation, although this amount may be
insufficient when stored materials have harmful emissions.

Load Characteristics

Given the variety of warehouses facilities, every case should be
analyzed carefully. In general, internal loads from lighting, people,
and miscellaneous sources are low. Most of the load is thermal
transmission and infiltration. An air-conditioning load profile tends
to flatten where materials stored are massive enough to cause the
peak load to lag. In humid climates, special attention should be
given to the sensible and latent loads’ variations for cases where the
warehouse or distribution center is conditioned or cooled by ther-
mostatically controlled packaged HVAC equipment. In these cli-
mates, it is common to satisfy the space temperature (i.e., very low
or no sensible cooling load), but, because of infiltration of moist air
and without proper cooling (i.e., the cooling equipment is off), for
space humidity to be unacceptably high.
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Design Concepts

Most warehouses are only heated and ventilated. Forced-flow
unit heaters may be located near entrances and work areas. Large
central heating and ventilating units are also widely used. Even
though comfort for warehouse workers may not be considered, it
may be necessary to keep the temperature above 4°C to protect
sprinkler piping or stored materials from freezing.

A building designed for adding air conditioning at a later date
requires less heating and is more comfortable. For maximum
summer comfort without air conditioning, excellent ventilation
with noticeable air movement in work areas is necessary. Even
greater comfort can be achieved in appropriate climates by adding
roof-spray cooling. This can reduce the roof’s surface tempera-
ture, thereby reducing ceiling radiation inside. Low- and high-
intensity radiant heaters can be used to maintain the minimum
ambient temperature throughout a facility above freezing. Radiant
heat may also be used for occupant comfort in areas permanently
or frequently open to the outdoors.

If the stored product requires specific inside conditions, an air-
conditioning system must be added. Using only ventilation may
help maintain lower space temperatures, but care should be taken
not to damage the stored product with uncontrolled humidity. Direct
or indirect evaporative cooling may also be an option.

Systems and Equipment Selection

Selection of HVAC equipment and systems depends on type of
warehouse. As indicated previously, the warehouse might need only
heating/cooling in admin areas, or in some cases, highly sophisti-
cated HVAC systems to address special ambient conditions required
by the product stored in this warehouse. The same principles and
procedures of selecting the HVAC systems described in the office
building section of this chapter should be followed.

Selection by Application. Table 6 depicts typical systems
applied for warehouse facilities. Centralized systems refer to ware-
houses where central chilled-water and/or hot-water/steam system is
available. Decentralized systems are typically direct expansion (DX)
systems with gas-fired heating or other available heating source.

Special systems are typically required when special ambient con-
ditions have to be maintained: usual examples are desiccant dehu-
midification, mechanical dehumidification, and humidification.

In hot and humid climates, a combination of desiccant-based
dehumidification equipment along with standard DX, packaged,
single-zone units can be considered. This approach allows separa-
tion of sensible cooling load from latent load, thereby enhancing
humidity control under most ambient conditions, reducing energy
consumption, and allowing optimal equipment sizing and use.

Table 6 Applicability of Systems to Typical Warehouse
Building Areas

Cooling/Heating Systems Heating Only

Centralized Decentralized Heating

and Local
PSZ/SZ  Ventilating Unit
Warehouse Area SZ Split/VRF Units  Heaters
Storage areas X X X X
Office and X X
administration areas
Loading docks X X
Light industrial spaces X X X
Computer/server X X
rooms (also CHW, (also DX,
CRAC Unit) CRAC Unit)

CHW = chilled water
CRAC = computer room air conditioning

SZ = single zone
PSZ = packaged single zone
VREF = variable refrigerant flow

Spatial Requirements

Total building electromechanical space requirements vary based
ontypes of systems planned. Typically, the HVAC equipment can be
roof mounted, slab, indoor, or ceiling mounted. Ductwork and air
discharge plenums usually are not concealed; often, the systems are
free discharge.

Special Considerations

Forklifts and trucks powered by gasoline, propane, and other
fuels are often used inside warehouses. Proper ventilation is neces-
sary to alleviate build-up of CO and other noxious fumes. Proper
ventilation of battery-charging rooms for electrically powered fork-
lifts and trucks is also required.

4. SUSTAINABILITY AND ENERGY EFFICIENCY

In the context of this chapter, sustainable refers to a building that
minimizes the use of energy, water, and other natural resources and
provides a healthy and productive indoor environment (e.g., IAQ,
lighting, noise). The HVAC&R designer plays a major role in sup-
porting the design team in designing, demonstrating, and verifying
these goals, particularly in the areas of energy efficiency and indoor
environmental quality (mainly IAQ).

Several tools and mechanisms are available to assist the HVAC&R
designer in designing and demonstrating sustainable commercial
facilities; see the References and Bibliography in this chapter, the
Sustainability and Energy Efficiency section in Chapter 8, and Chap-
ter 35 in the 2017 ASHRAE Handbook—Fundamentals.

Energy Considerations

Energy standards such as ANSI/ASHRAE/IESNA Standard 90.1-
2007 and local energy codes should be followed for minimum
energy conservation criteria. Note that additional aspects such as
lighting, motors/drives, building envelope, and electrical services
should also be considered for energy reduction. Energy procurement/
supply-side opportunities should also be investigated for energy cost
reduction. Table 14 in Chapter 8 depicts a list of selected energy con-
servation opportunities.

Energy Efficiency and Integrated Design Process for
Commercial Facilities

The integrated design process (IDP) is vital for the design of
high-performance commercial facilities. For background and de-
tails on integrated building design (IBD) and IDP, see Chapter 60.

Unlike the sequential design process (SDP), where the elements
of the built solution are defined and developed in a systematic and
sequential manner, IDP encourages holistic collaboration of the
project team during the all phases of the project, resulting in cost-
effective and environmentally friendly design. IDP responds to the
project objectives, which typically are established by the owner
before team selection. Typical IDP includes the following ele-
ments:

* Owner planning

* Predesign

* Schematic design

* Schematic design

* Design development

* Construction documents
* Procurement

* Construction

* Operation

Detailed information on each element can be found in Chapter 60.
In high-performance buildings, these objectives are typically
sustainable sites, water efficiency, energy and atmosphere quality,
materials and resources, and indoor environmental quality. These
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objectives are the main components of several rating systems.
Energy use objectives are typically the following:

* Meeting minimum prescriptive compliance (mainly local energy
codes, ASHRAE Standard 90.1, etc.)

» Improving energy performance by an owner-defined percentage
beyond the applicable code benchmark

* Demonstrating minimum energy performance (or prerequisite)
and enhanced energy efficiency (for credit points) for sustainable
design rating [e.g., U.S. Green Building Council (USGBC) Lead-
ership in Energy and Environmental Design (LEED®)]

* Providing a facility/building site energy density [e.g., energy uti-
lization index (EUI)] less than an owner-defined target [e.g., U.S.
Environmental Protection Agency (EPA) ENERGY STAR guide-
lines)

* Provide an owner-defined percentage of facility source energy
from renewable energy

Building Energy Modeling

Building energy modeling has been one of the most important
tools in the process of IDP and sustainable design. Building energy
modeling uses sophisticated methods and tools to estimate the
energy consumption and behavior of buildings and building sys-
tems. To better illustrate the concept of energy modeling, the differ-
ence between HVAC sizing and selection programs and energy
modeling tools will be described.

Design, sizing selection, and equipment sizing tools are typically
used for design and sizing of HVAC&R systems, normally at the
design process. Examples include cooling/heating load calculations
tools, ductwork design software, piping design programs, acoustics
software, and selection programs for specific types of equipment.
The results are used to specify cooling and heating capacities, air-
flow, water flow, equipment size, etc., during the design as defined
and agreed by the client.

Energy modeling [also known as building modeling and simula-
tion (BMS)] is used to model the building’s thermal behavior and
the building energy systems’ performance. Unlike design tools,
which are used for one design point (or for sizing), the building
energy simulation analyzes the building and the building systems up
to 8760 times: hour by hour, or even in smaller time intervals.

A building energy simulation tool is a computer program consist-
ing of mathematical models of building elements and HVAC&R
equipment. To run a building energy simulation, the user must
define the building elements, equipment variables, energy cost, etc.
The simulation engine then solves mathematical models of the
building elements, equipment, and so on 8760 times (one for every
hour), usually through a sequential process. Common results
include annual energy consumption, annual energy cost, hourly pro-
files of cooling loads, and hourly energy consumption. Chapter 19
of the 2018 ASHRAE Handbook—Fundamentals provides detailed
information on energy modeling techniques.

Typically, energy modeling tools must meet minimum require-
ments to be accepted by rating authorities such as USGBC or local
building codes. The following is typical of minimum modeling
capabilities:

» 8760 h per year

* Hourly variations in occupancy, lighting power, miscellaneous
equipment power, thermostat set points, and HVAC system oper-
ation, defined separately for each day of the week and holidays

* Thermal mass effects

* Ten or more thermal zones

* Part-load performance curves for mechanical equipment

 Capacity and efficiency correction curves for mechanical heating
and cooling equipment

* Air-side economizers with integrated control
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* Design load calculations to determine required HVAC equipment
capacities and air and water flow rates in accordance with gener-
ally accepted engineering standards and practice

Tested according to ASHRAE Standard 140

Energy modeling is typically used in the following ways:

* Asadecision support tool for energy systems in new construction
and retrofit projects; that is, it allows analyzing several design
alternatives and the selection of the optimal solution for a given
criterion

* To provide vital information to the engineer about the building
behavior and systems performance during design

* To demonstrates compliance with energy standards such as

ASHRAE Standard 90.1 (energy cost budget method)

To support USGBC LEED certification in the Energy and Atmo-

sphere (EA) section

* To model existing buildings and systems and analyzing proposed
energy conservation measures (ECMs) by performing calibrated
simulation

* Demonstrate energy cost savings as part of measurements and
verification (M&V) protocol (by using calibrated simulation pro-
cedures)

Energy modeling is used intensively in LEED for New Construc-
tion (USGBC 2009), Energy & Atmosphere (EA), prerequisite 2
(minimum energy performance), and for EA credit 1 (Optimize
Energy Performance). An energy simulation program (with the
requirements shown above) along with ASHRAE Standard 90.1 is
used to perform whole-building energy simulation for demonstrat-
ing energy cost savings. The number of credits awarded is in cor-
relation to the energy cost reduction.

Energy Benchmarking and Benchmarking Tools

Energy benchmarking is an important element of energy use
evaluation and tracking. It involves comparing building normalized
energy consumption to that of other similar buildings. The most
common normalization factor is the gross floor area. Energy bench-
marking is less accurate then other energy analysis methods, but can
provide a good overall picture of relative energy use.

Relative energy use is commonly expressed by the energy utili-
zation index (EUI), which is the energy use per unit area per year.
Typically, EUI is defined in terms of MJ/m2 per year. In some cases,
the user is interested in energy cost benchmarking, which is known
as the cost utilization index (CUI). CUI units are $/m? per year. It is
important to differentiate between site EUI (actual energy used on
site) and source EUI (energy used at the energy source); about two-
thirds of the primary energy that goes into an electric power plant is
lost in the process as waste heat.

One of the most important sources of energy benchmarking data
is the Commercial Building Energy Consumption Survey (CBECS)
by the U.S. Department of Energy’s Energy Information Adminis-
tration (DOE/EIA). Table 2 of Chapter 37 shows an example of EUI
calculated based on DOE/EIA 2003 CBECS; the mean site EUI for
mixed-use office space is 89 MJ/(m?-yr). Other EUIs for commer-
cial facilities can be found in the same table.

Common energy benchmarking tools include the following:

« U.S. EPA ENERGY STAR Portfolio Manager
(http://www.energystar.gov/benchmark)

« Lawrence Berkeley National Laboratory (LBNL) ARCH
(http://poet.Ibl.gov/arch/)

¢ CAL-ARCH for the state of California
(http://poet.Ibl.gov/cal-arch/)

Comprehensive information on energy benchmarking and
available benchmarking tools can be found in Glazer (2006) and

Chapter 37.
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Combined Heat and Power in Commercial Facilities

Combined heat and power (CHP) plants and building cooling
heating and power (BCHP) can be considered for large facilities
such as large office buildings and campuses and airports when eco-
nomically justifiable. Chapter 7 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment and other sources such as Meckler
and Hyman (2010), Orlando (1996), and Petchers (2002) provide
information on CHP systems. Additional Internet-based sources for
CHP include the following:

» U.S. EPA Combined Heat and Power (CHP) Partnership at http://
www.epa.gov/chp/; procedures for feasibility studies and eval-
uations for CHP integration are available at http://www.epa.gov
/chp/project-development/index.html

» U.S. Department of Energy, Energy Efficiency and Renewable En-
ergy at http://www.energy.gov/eere/amo/chp-deployment

* A database of CHP installations can be found at http://
www.eea-inc.com/chpdata/index.html

Maor and Reddy (2008) show a procedure to optimize the size of
the prime mover and thermally operated chiller for large office
buildings by combining a building energy simulation program and
CHP optimization tools.

CHP systems can be applied in large district cooling and heating
facilities and infrastructure to use waste heat efficiently. The type of
the prime mover is heavily dependent on the electrical and thermal
loads, ability to use waste heat efficiently, and utility rates. Table 1
in Chapter 7 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment provides information on the applicability of CHP.

Renewable Energy

Renewable energy (RE) technologies, including solar, wind, and
biomass, can be considered when applicable and economically jus-
tifiable. Renewable energy use can add LEED credits (USGBC
2009) under Energy and Atmosphere (credit 2), depending on the
percentage of renewable energy used.

Given the increased number and popularity of solar systems,
only these systems will be discussed in this chapter. Geothermal
energy is also considered to be renewable energy; these systems are
discussed earlier in this chapter, and in more detail in Chapter 35.

Solar/Photovoltaic. Photovoltaic (PV) technology is the direct
conversion of sunlight to electricity using semiconductor devices
called solar cells. Photovoltaic are almost maintenance-free and
seem to have a long lifespan. Given the longevity, no pollution, sim-
plicity, and minimal resources, this technology is highly sustain-
able, and the proper financing mechanisms can make this system
economically justifiable.

Airport facilities can be considered good candidates for PV
technology for the following reasons:

» Large, low-rise buildings with available roof for PV collectors
« Little or no shading

» Large open area (open areas, parking lots, etc.)

» Hours and seasons of operation

The most common technology in use today is single-crystal PV,
which uses wafers of silicon wired together and attached to a mod-
ule substrate. Thin-film PV, such as amorphous silicon technology,
uses silicon and other chemicals deposited directly on a substrate
such as glass or flexible stainless steel. Thin films promise lower
cost per unit area, but also have lower efficiency and produce less
electricity per unit area compared to single-crystal PVs. Typical val-
ues for dc electrical power generation are around 0.56 W/m? for thin
film and up to 1.4 W/m? for single-crystal PV.

PV panels produce direct current, not the alternating current used
to power most building equipment. Direct current is easily stored in
batteries; an inverter is required to transform the direct current to
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alternating current. The costs of an inverter and of reliable batteries
to store electricity increase the overall cost of a system, which is
usually $5 to $7/W (Krieth and Goswami 2007).

Another option is concentrated PV (CPV). CPV uses high-con-
centration lenses or mirrors to focus sunlight onto miniature solar
cells. CPV systems must track the sun to keep the light focused on
the PV cells. The main advantage of this system is higher efficiency
than other technologies. Reliability, however, is an important tech-
nical challenge for this emerging technology: the systems generally
require highly sophisticated tracking devices.

Being able to transfer excess electricity generated by a photovol-
taic system back into the utility grid can be advantageous. Most util-
ities are required to buy excess site-generated electricity back from
the customer. In many states, public utility commissions or state leg-
islatures have mandated netmetering, which means that utilities
pay and charge equal rates regardless of which way the electricity
flows. A good source of rebates and incentives in the United States
for solar systems and other renewable technologies is the Database
of State Incentives for Renewable and Efficiency (DSIRE), avail-
able at http://www.dsireusa.org/ (North Carolina State University
2011). DSIRE is a comprehensive source of information on state,
local, utility, and federal incentives and policies that promote
renewable energy and energy efficiency, as well as state require-
ments for licensed solar contractors.

PV systems should be integrated during the early stages of the
design. In existing facilities, a licensed contractor can be employed
for a turnkey project, which includes sizing, analysis, economic
analysis, design documents, specifications, permits, and documen-
tation for incentives.

Available tools for analysis during design and installation of PV
systems include the following:

* PVsyst, a PC software package for the study, sizing, simulation
and data analysis of complete PV systems (University of Geneva
2010) at http://www.pvsyst.com

» Hybrid Optimization Modeling Software (HOMER 2010), a pro-
gram for analyzing and optimizing renewable energy technolo-
gies (http://www.homerenergy.com/)

* RETScreen (Natural Resources Canada 2010), a free decision
support tool (which supports 35 languages) developed to help
evaluate energy production and savings, costs, emission reduc-
tions, financial viability, and risk for various types of renewable
energy technologies, at http://www.retscreen.net/ang/home.php

* eQUEST (Quick Energy Simulation Tool), a full-scale building
energy simulation program capable of performing a complete
building energy evaluation, at http://www.doe2.com/

Financing PV projects in the public sector can be more complex
because of tax exemptions and efficient allocation of public funds and
leverage incentives. The primary mechanism for financing public-
sector PV projects is a third-party ownership model, which allows the
public sector to take advantage of all the federal tax and other incen-
tives without large up-front outlay of capital. The public sector does
not own the solar PV, but only hosts it on its property. The cost of elec-
trical power generated is then secured at a fixed rate, which is lower
than the retail price for 15 to 25 years. Cory et al. (2008) discuss solar
photovoltaic financing for the public sector in detail.

Solar/Thermal. Some commercial facilities can consider active
thermal solar heating systems. Solar hot-water systems usually can
reduce the energy required for service hot water. Solar heating
design and installation information can be found in ASHRAE
(1988, 1991). Chapter 37 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment and Krieth and Goswami (2007) are good
sources of information for design and installation of active solar
systems, as are Web-based sources such as U.S. Department of
Energy’s Energy Efficiency and Renewable Energy page at http:/
WWww.energy.gov/eere/renewables/solar.
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Value Engineering and Life-Cycle Cost Analysis

Use of value engineering (VE) and life-cycle cost analysis
(LCCA) studies is growing in all types of construction and as part of
the integrated design process (IDP). VE and LCCA are logical,
structured, systematic processes used as decision support tools to
achieve overall cost reduction, but they are two distinct tools
(Anderson et al. 2004).

Value engineering refers to a process where the project team ex-
amines the proposed design components in relation to the project
objectives and requirements. The intent is to provide essential func-
tions while exploring cost savings opportunities through modifica-
tion or elimination of nonessential design elements. Examples are
alternative systems, and substitute equipment. VE typically in-
cludes seven steps, as shown in Figure 11 of Chapter 8.

Life-cycle cost analysis is used as part of VE to evaluate design
alternatives (e.g., alternative systems, equipment substitutions) that
meet the facility design criteria with reduced cost or increased value
over the life of the facility or system.

The combination of VE and LCCA is suitable for public facili-
ties, which are often government funded and intended for longer
lifespans than commercial facilities. Unfortunately, these tools
often are not included in the early stages of the design, which results
in a last-minute effort to reduce cost and stay within the budget,
compromising issues such as energy efficiency and overall value of
the facility. To avoid this, VE and LCCA should be deployed in the
early stages of the project.

LCCA is recommended as part of any commercial building con-
struction for economic evaluation. Chapters 38 and 60 discuss
LCCA in detail. Other methodologies such as simple payback
should be avoided because of inaccuracies and the need to take into
account the time value of money. Life-cycle cost is more accurate
because it captures all the major initial costs associated with each
item, the costs occurring during the life of the system, and the value
of money for the entire life of the system.

5. COMMISSIONING AND
RETROCOMMISSIONING

Commissioning (Cx) is a quality assurance process for build-
ings from predesign through design, construction, and operations.
It involves achieving, verifying, and documenting the performance
of each system to meet the building operational needs. Given the
growing demand for enhanced indoor air quality, thermal comfort,
noise, etc., in commercial facilities and the application of equip-
ment and systems such as DOAS, EMS, and occupancy sensors, it
is important to follow the commissioning process as described in
Chapter 44 and ASHRAE Guideline 0-2005. The technical require-
ments for the commissioning process are described in detail in
ASHRAE Guideline 1.1-2007. Another source is ACG (2005).
Proper commissioning ensures fully functional systems that can be
operated and maintained properly throughout the life of the build-
ing. Although commissioning activities should be implemented
by qualified commissioning professional [commissioning author-
ity (CA)], it is important for other professionals to understand
the basic definitions and processes in commissioning, such as the
following:

* Owner project requirements (OPR), which is a written document
that details the functional requirements of the project and the
expectations of how it will be used and operated.

» Commissioning refers to a quality-focused process for enhancing
the delivery of a project. The process focuses upon verifying and
documenting that the facility and all its systems and assemblies
are planned, installed, tested, and maintained to meet the OPR.
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* Recommissioning is an application of the commissioning process
to a project that has been delivered using the commissioning pro-
cess.

» Retrocommissioning is applied to an existing facility that was not
previously commissioned.

* Ongoing commissioning is a continuation of the commissioning
process well into the occupancy and operation phase.

Commissioning: New Construction

Table 7 shows the phases of commissioning a new building, as
defined by ASHRAE Guideline 1.1.

ACG 2005 refers to the following HVAC commissioning pro-
cesses for new construction:

» Comprehensive HVAC commissioning starts at the inception of a
building project from the predesign phase till postacceptance)

* Construction HVAC commissioning occurs during construction,
acceptance, and postacceptance (predesign and design phases are
not included in this process)

Commissioning is an important element in LEED for new con-
struction (USGBC 2009). As a prerequisite (Energy and Atmo-
sphere, prerequisite 1), commissioning must verify that the project’s
energy-related systems are installed and calibrated, and perform
according to the OPR, BOD, and the construction document.
Additional credits (Energy and Atmosphere, credit 3—Enhanced
Commissioning) can be obtained by applying the entire commis-
sioning process (or the comprehensive HVAC commissioning) as
described previously.

Commissioning: Existing Buildings
HVAC commissioning in existing buildings covers the following:

* Recommissioning
* Retrocommissioning (RCx)
* HVAC systems modifications

Although the methodology for both is identical, there is a differ-
ence between recommissioning and retrocommissioning. Recom-
missioning is initiated by the building owner and seeks to resolve
ongoing problems or to ensure that systems continue to meet the
facility’s requirements. There are can be changes in the building’s
occupancy or design strategies, outdated equipment, degraded
equipment efficiency, occupant discomfort, and IAQ problems that
can initiate the need for recommissioning. Typical recommissioning
activities are shown in Table 8.

Commissioning is also an important element in existing build-
ings. USGBC (2009), LEED for Existing Buildings & Operation
Maintenance awards up to six credits for commissioning systems in
existing buildings in the Energy and Atmosphere (EA) section.

HVAC systems modifications can vary from minor modification
to HVAC systems up to complete reconstruction of all or part of
building HVAC system. The process for this type of project should
follow the process described previously for new construction.

6. SEISMIC AND WIND RESTRAINT
CONSIDERATIONS

Seismic bracing of HVAC equipment should be considered.
Wind restraint codes may also apply in areas where tornados and
hurricanes necessitate additional bracing. This consideration is
especially important if there is an agreement with local officials to
use the facility as a disaster relief shelter. See Chapter 56 for further
information.
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Table 7 Key Commissioning Activities for New Building
Phase

Key Commissioning Activities

Predesign Preparatory phase in which the OPR is developed and

defined.

OPR is translated into construction documents, and basis
of design (BOD) document is created to clearly convey
assumptions and data used to develop the design solution.
See informative annex k of ASHRAE Guideline 1.1-2007
for detailed structure and an example of a typical bod.

Design

Construction ~ The commissioning team is involved to ensure that systems
and assemblies installed and placed into service meet the

OPR.
Occupancy and The commissioning team is involved to verify ongoing
operation*® compliance with the OPR.

Source: ASHRAE Guideline 1.1-2007.
*Also known as acceptance and post-acceptance in ACG (2005).

Table 8 Key Commissioning Activities for Existing Building
Phase

Key Commissioning Activities
Define HVAC goals
Select a commissioning team

Planning

Finalize recommissioning scope
Documentation and site reviews

Site survey

Preparation of recommissioning plan

Implementation Hire testing and balancing (TAB) agency and

automatic temperature control (ATC) contractor
Document and verify tab and controls results
Functional performance tests
Analyze results
Review operation and maintenance (O&M) practices
O&M instruction and documentation

Complete commissioning report

Source: ACG (2005).
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ALL buildings have existed for more than 100 years and have

been built in cities worldwide. Great heights only became pos-
sible after the invention of the elevator safety braking system in
1853; subsequent population and economic growth in cities made
these taller buildings very popular. This chapter focuses on the spe-
cific HVAC system requirements unique to tall buildings.

ASHRAE Technical Committee (TC) 9.12, Tall Buildings, de-
fines a tall building as one whose height is greater than 91 m. The
Council on Tall Buildings and Urban Habitat (CTBUH 2014) de-
fines a tall building as one in which the height strongly influences
planning, design, or use; they classify recently constructed tall
buildings as supertall (buildings taller than 300 m) and megatall
(buildings taller than 600 m).

Traditionally, model codes in the United States were adopted on
a regional basis, but recently the three leading code associations
united to form the International Code Council (ICC 2018), which
publishes the unified International Building Code® (IBC). Another
important national code, developed by the National Fire Protection
Association (NFPA), is NFPA Standard 5000%. These codes address
the requirements of tall buildings to some extent, but many local or
international locations may have their own modifications or alterna-
tives to these model codes.

The overall cost of a tall building is affected by the floor-to-floor
height. A small difference in this height, when multiplied by the
number of floors and the area of the perimeter length of the building,
results in an increase in the area that must be added to the exterior
skin of the building. The final floor-to-floor height of the office
occupancy floors of any building is jointly determined by the owner,
architect, and structural, HVAC, and electrical engineers.

There are increasing numbers of tall buildings in the world (either
planned or built) that will have a much greater height than 91 m.
There is also a trend that most of the new tall buildings today are of
the mixed-use type: for example, many will have a combination of
commercial offices, hotel, apartments, observation deck, club floor,
etc., stacked on top of each other. Tall buildings with these heights
and mixed uses will significantly affect HVAC system design.

Much of the material in this chapter derives from Ross (2004).

1. STACK EFFECT

Stack effect occurs in tall buildings when the outdoor temperature
is lower than the temperature of the spaces inside. A tall building acts
like a chimney in cold weather, with natural convection of air entering
at the lower floors, flowing through the building, and exiting from the
upper floors. It results from the difference in density between the
cold, denser air outside the building and the warm, less dense air
inside the building. The pressure differential created by stack effect is

The preparation of this chapter is assigned to TC 9.12, Tall Buildings.
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directly proportional to building height as well as to the difference
between the warm inside and cold outdoor temperatures.

When the temperature outside the building is warmer than the
temperature inside the building, the stack effect phenomenon is re-
versed. This means that, in very warm climates, air enters the build-
ing at the upper floors, flows through the building, and exits at the
lower floors. The cause of reverse stack effect is the same in that it
is caused by the differences in density between the air in the building
and the air outside the building, but in this case the heavier, denser air
is inside the building.

Reverse stack effect is not as significant a problem in tall build-
ings in warm climates because the difference in temperature between
inside and outside the building is significantly less than the tem-
peratures difference in very cold climates. Accordingly, this section
focuses on the problems caused by stack effect in cold climates.
Note that these measures can be very different than those in hot and
humid climates.

Theory

For a theoretical discussion of stack effect, see Chapter 16 in the
2017 ASHRAE Handbook—Fundamentals. That chapter describes
calculation of the theoretical total stack effect for temperature dif-
ferences between the inside and outside of the building. It also points
out that every building has a neutral pressure level (NPL): the point
at which interior and exterior pressures are equal at a given tempera-
ture differential. The location of the NPL is governed by the actual
building, the permeability of its exterior wall, the internal partitions,
and the construction and permeability of stairs and shafts, including
the elevator shafts and shafts for ducts and pipes. Other factors
include the air-conditioning systems: exhaust systems that extend
through the entire height of the building tend to raise the NPL,
thereby increasing the total pressure differential experienced at the
base of the building. This also increases infiltration of outdoor air,
which tends to lower the NPL, thus decreasing the total pressure dif-
ferential experienced at the base of the building. Finally, wind pres-
sure, which typically increases with elevations and is stronger at the
upper floors of a building, also can shift the neutral plane, and should
be considered as an additional pressure to stack effect when locating
the neutral plane.

Figure 1 depicts airflow into and out of a building when the out-
door temperature is cold (stack effect) and hot (reverse stack effect).
Not shown is the movement of air up or down in the building as a
function of stack effect. Assuming there are no openings in the build-
ing, the NPL is the point in the building elevation where air neither
enters nor leaves the building. Vertical movement of air in the build-
ing occurs at the paths of least resistance, including but not limited to
shafts and stairs in the building as well as any other openings at the
slab edge or in vertical piping sleeves that are less than totally sealed.
Figure 1 also indicates that air movement into and out of the building
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Fig. 1 Airflow from Stack Effect and Reverse Stack Effect
(Ross 2004)

increases as the distance from the NPL increases. Elevator shafts,
especially ones that connect the top and bottom of a tall building
(e.g., a fire lift), are likely paths of least resistance for airflow. The
total theoretical pressure differential can be calculated for a building
of a given height and at various differences in temperature between
indoor and outdoor air.

The theoretical stack effect pressure gradient for alternative tem-
perature differences and building heights is shown in Figure 2. The
diagram shows the potential maximum differentials that can occur
(which are significant), but these plotted values are based on an ide-
alized building with no internal subdivisions in the form of slabs and
partitions. The plot, therefore, includes no provisions for resistance
to airflow in the building. Further, the outer wall’s permeability in-
fluences the values on the diagram and, as noted previously, the
wind effect and operation of the building air-handling systems and
fans also affect this theoretical value. Thus, the diagram should be
considered an illustration of the possible magnitude of stack effect,
not as an actual set of values for any building. The actual stack effect
and location of the NPL in any building are difficult (if not in a prac-
tical sense impossible) to determine. A real building, especially a
tall building, may have multiple neutral planes because of the ef-
fects of elevator and stair transfers. Each shaft section (e.g., low-rise
elevator shaft) imparts its own stack effect and can create variations
in the building pressure profile at the top and bottom of the shaft.
Nevertheless, stack effect can be troublesome, and its possible ef-
fects must be recognized in the design documentation for a project.

Practical Considerations
Stack effect in tall buildings often presents major problems:

* Elevator doors may fail to close properly because of the pressure
differential across the doors, which causes the door to bind in its
guideway enough that the closing mechanism does not generate
sufficient force to overcome it.

+ Elevator piston effect may be exacerbated by stack effect be-
cause of uncontrolled airflow through elevator shafts, particularly
in tall buildings with high-speed elevators and minimal shaft
clearances around elevator cabs because of building core space
restrictions.

* Manual doors may be difficult to open and close because of
strong pressure created by stack effect.

* Smoke and odor propagation through the air path of stack effect
can also occur.

» Noise from excessive airflow through shafts and doors may exist
as whistling and whooshing.

* Heating problems can occur in lower areas of the building that
may be difficult to heat because of a substantial influx of cold air
through entrances and across the building’s outer wall (caused by
higher-than-anticipated wall permeability). Heating problems can
be so severe as to freeze water in sprinkler system piping, cooling
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coils, and other water systems on lower floors. The National As-
sociation of Architectural Metal Manufacturers (NAAMM) spec-
ifies a maximum leakage per unit of exterior wall area of 0.00003
cm3/m? at a pressure difference of 75 Pa exclusive of leakage
through operable windows. In reality, tall buildings in cold cli-
mates can exceed this pressure difference through a combination
of stack, wind, and HVAC system pressure. Even when leakage
similar to the NAAMM criterion is included in project specifica-
tion, it is not always met in actual construction, thereby causing
potential operational problems.

* Fan operational issues may occur if systems fans are not de-
signed and controlled to overcome the static pressure developed
by stack effect.

Calculation

Uncontrolled infiltration and ventilation is caused by climate,
wind pressure, and stack effect; environmental factors associated
with stack effect include wind pressure, stack pressure difference,
airflow rate, outdoor and indoor temperature, building height, and
building construction.

Wind creates a distribution of static pressure on the building
envelope that depends on wind direction and velocity against the
building envelope. The basic formula to determine this pressure can
be expressed as

APy =P,+ CC,pV 22 (1)

APy, = wind pressure above outdoor air (OA) pressure, Pa
= unit conversion factor, 0.0129
C, = surface (location on building envelope) pressure coefficient,
dimensionless
p = air density, kg/m3 (about 1.2)
V,, = wind speed, m/s
o = outdoor

When using this equation, wind pressure is 25 Pa at 6.7 m/s on
the windward side.
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Air density varies with temperature. In cold weather, low-density
air infiltrates the high-rise building and rises in the building’s
vertical shafts as it warms, creating stack effect pressure. The basic
stack effect theory is expressed as

APS = CZpig(h - hneutral)(Ti - To)/To (2)

where
AP, = stack pressure difference (indoor — outdoor), Pa
C,p;g = air density and gravity constant, 0.01444
h = building height, m
neurral = N€ight of neutral pressure level, m
i = indoor
T = temperature, K

h

When using Equation (2), the stack pressure is 274 Pa for a 60-
story building with —23°C OA temperature.

Once the wind pressure APy, and stack pressure difference AP are
calculated, total pressure AP,,,,; can be found, based on indoor and
outdoor pressure difference, and used to calculate the airflow rate:

APtotal:(PofPi)_'_APW—"_APs (3)

Calculation Example. For the calculation examples, New York
was selected because it has many tall buildings and a significant
range between warm summer and cold winter temperatures (stack
effect influences buildings differently at different temperatures).
The following example investigates performance in both summer
and winter conditions.

ASHRAE climate data were used (see Chapter 14 of the 2017
ASHRAE Handbook—Fundamentals) and show the winter and
summer temperature and humidity levels, which can be used to cal-
culate stack effect.

Table 1 gives the example parameters, and Figures 3 to 7 show
various conditions. As shown in Figure 4, the biggest difference
between internal and external pressure occurs in winter, when inter-
nal pressure increases along the building height; in summer, it
decreases along the height. In addition, when the building gets
taller, its NPL on the windward side rises: the extreme is for a build-
ing height of 800 m, for which the NPL on the windward side is
almost on the top of the building.

Table1 Parameters for New York Example Building

Summer Winter
Outdoor temperature, °C 32.8 -10.3
Indoor temperature, °C 24 20
Relative humidity, % 54 15
Height above sea level, m 54 54
Wind speed, km/h 22.7 22.7
Air pressure, kPa 101 101
o 1T T T 1 1 T T 1
w - ‘ : : :
o £
b= i
g -7 : :
o i H
w 3 H
oL _g L :
= i i H i : i
i i H £ . H H i
- . i H H i H i i
E ! : N ‘
é e H ; H o i
o : i i : ! : :
8 14 ; P
= i i
S s i i i i i i

0 100 200 300 400 500 600 OO 80O 900 1000
BUILDING HEIGHT, m

Fig. 3 Reduction in Ambient Temperature Over Height of
Building in Cold Ambient Conditions

For the climate in New York, which is cold and dry in winter and
warm and humid in summer, stack effect is much more intense than
in warmer climates. Stack effect during cold outdoor conditions
may cause problems, such as elevator doors not closing properly
because of the pressure differential across the doors, causing the
doors to stick in their guideways if the closing mechanism cannot
overcome this friction.

Another difference for New York compared with other cities
occurs in the wintertime, when NPL is slightly lower, or below the
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middle of the building. During winter in a 800 m building in New
York, the NPL is slightly below 300 m, which means the indoor air
pressure is much higher at the upper level of the building than in
many other cities. Therefore, for upper levels of the building, air
exfiltration is much greater in New York than in other, warmer cit-
ies; the airflow rate is higher; and the building function is signifi-
cantly affected. Stack effect must be addressed during design.
Architects and engineers must pay close attention to solving the
problems associated with stack effect, which are exacerbated in
extremely cold climates.

Minimizing Stack Effect

During design, the architect and HVAC design engineer should
take steps to minimize air leakage into or out of (and vertically
within) the building. Although it is not possible to completely seal
any building, this approach can help mitigate potential problems
that could be caused by stack effect.

A tight building envelope and continuous curtainwall system, as
well as isolation of vertical shafts from exterior environment
through a minimum of two air barriers, are fundamental to protect-
ing a building against uncontrolled air movement into and out of the
building. A tight specification, testing, and careful monitoring
during construction are required. Although most curtain walls are
traditionally tested in the factory, increasingly more field tests
(either spot tests or whole-building pressure tests) are specified in
some buildings. A whole-building pressure test is difficult in tall
buildings, and currently there is a limit on how many floors can be
pressurized. Sectionalizing a tall building is required to perform a
localized test.

Outdoor air infiltration points include building entry doors, doors
that open to truck docks, outdoor air intake or exhaust louvers, con-
struction overhangs with light fixtures, or other recessed items,
located immediately above the ground level and are not properly
sealed against leakage or provided with heat, and any small fissures
in the exterior wall itself. Internally, the building allows air passage
through fire stairs, elevator shafts, mechanical shafts for ducts and
piping, and any other vertical penetrations for piping or conduit or
at the edge of the floor slab at the exterior wall. All these are candi-
dates for careful review to ensure, as much as possible, that the exte-
rior wall is tight, all shafts are closed, and all penetrations sealed.
Vestibules or airlocks can be provided for loading docks, with good
door seals on the doors to and from the loading dock.

Entrances for tall buildings in cold and hot climates should use
revolving doors. Doors of this type are balanced, with equal pres-
sure in opposite directions on the panels on either side of the cen-
tral pivot, making operation relatively simple and requiring no
special effort to turn. Their gaskets also provide closure at all
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times. Give special consideration to hotel entries where people
carry large luggage through: larger revolving doors are required to
avoid people bypassing the revolving doors altogether.

Design and layout of sky lobbies in super- and megatall buildings
should be carefully considered to isolate building elevator shafts
and exit stairs from the exterior environment. A vestibule may be
added at the elevators to provide a second air barrier in addition to
the building envelope.

Two-door vestibules are acceptable for the loading dock, assuming
the doors are properly spaced to allow them to be operated inde-
pendently and with one door to the vestibule always closed, and suf-
ficient heat is provided in the space between the doors. If properly
spaced, simultaneous opening of both doors on either side of the ves-
tibule can be controlled. However, two-door vestibules in cold cli-
mates are inadequate for personnel entry because, with large
numbers of people entering the building at various times, both
doors will be open simultaneously and significant quantities of
unconditioned outdoor air can enter the building. In cold climates,
revolving doors are strongly recommended at all points of person-
nel entry.

To control airflow into the elevator shaft, consider adding doors
at the entry to the elevator banks. This creates an elevator vestibule
on each floor that minimizes flow through open elevator doors.

Elevator shafts are also a problem because an air opening may be
required at the top of the shaft. In many tall buildings, however, the
elevator hoistways are not vented for smoke, using sprinkler heads
instead. Alternatively, some jurisdictions accept the installation of a
motorized damper on the hoistway vent; the damper is initiated by
a smoke detector and opens immediately when smoke is sensed in
the hoistway. All shafts, however, can be sealed in their vertical
faces to minimize inflow that would travel vertically in the shaft to
the openings at its top.

Elevator cars can act as pistons to increase the pressure in eleva-
tor hoistways ahead of the moving cab. Careful sequencing of ele-
vator cabs, especially when multiple cabs are located in a single
shaft, must be considered to provide proper relief and sequencing of
door openings.

It can be helpful to interrupt stairs intermittently with well-sealed
doors to minimize vertical airflow through buildings. This is partic-
ularly useful for fire stairs that extend through the entire height of
the building. Entrances to fire stairs should be provided with good
door and sill gaskets. (See the section on Door-Opening Forces
under Pressurization System Design in Chapter 54 for guidance on
ensuring doors in fire stairs can be opened during an emergency.)

Building air supply and pressurization systems should be config-
ured in a maximum of 20- to 40-floor increments to facilitate effec-
tive building pressurization corresponding to building stack effect
and wind pressure profiles.

The last key item is to ensure a tight exterior wall, which requires
specification, proper testing, and hiring a qualified contractor to
erect the wall.

The preceding precautions involve the architect and allied
trades. The HVAC designer primarily must ensure that mechanical
air-conditioning and ventilation systems supply more outdoor air
than they exhaust, to pressurize the building above atmospheric
pressure. This is true of all systems where a full air balance should
be used for the entire building, with a minimum of 5% more out-
door air than the combination of spill and exhaust air provided at all
operating conditions, to ensure positive pressurization. In addition,
it is good design, and often required by code for smoke control, to
have a separate system for the entrance lobby. Although not always
required, this system can be designed to operate in extreme winter
outdoor air conditions with 100% outdoor air. This air is used to
pressurize the building lobby, which is a point of extreme vulnera-
bility in minimizing stack effect. Lastly, if two-door vestibules
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must be provided, consider pressurizing the vestibule with condi-
tioned outdoor air.

Wind and Stack Effect Pressure Analysis

The world trend toward super- and megatall buildings suggests
that both wind and stack effect will greatly affect designs of future
tall building and HVAC systems. It is advisable to carry out both
wind and stack effect analyses by computational fluid dynamic
(CFD) or wind tunnel analysis during concept and schematic design
phases of the project, such that advance precautionary measures
could be implemented in the early design stage.

Safety Factors

System designers typically apply safety factors at various points
in the design process to avoid undersizing equipment. Judicious use
of safety factors is good engineering practice. However, safety fac-
tors are too often misapplied as a substitute for engineering design,
and this practice typically results in grossly oversized equipment.
Therefore, care is necessary in applying safety factors.

2. SYSTEMS

Systems used in tall buildings have evolved to address owners’
goals, occupants’ needs, energy costs, and environmental concerns
(including indoor air quality).

Chapter 37 discusses mechanical maintenance and life-cycle
costing, which may be useful in the evaluation process with regard
to alternative systems. Chapter 1 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment provides guidelines for a quantita-
tive evaluation of alternative systems that should be considered in
the system selection process. Chapter 19 of the 2017 ASHRAE
Handbook—Fundamentals provides means for estimating annual
energy costs. Ross (2004) provides a more detailed discussion of
systems to be considered.

3. SYSTEM SELECTION CONSIDERATIONS

In a fully developed building (including the core and shell as well
as space developed for occupancy), the cost of mechanical and elec-
trical trades (i.e., HVAC, electrical, plumbing, and fire protection) is
typically 30 to 35%, and for a high-rise commercial building is usu-
ally over 25%, of the overall cost (exclusive of land). In addition, the
mechanical and electrical equipment and associated shafts can con-
sume 7 to 10% of the gross building area. The architectural design
of the building’s exterior and the building core is fundamentally
affected by the system chosen. Consequently, HVAC system selec-
tion for any tall building should involve the entire building design
team (i.e., owner, architect, engineers, and contractors), because the
entire team is affected by this decision.

The points of concern and analysis methods do not differ in any
way from the process that would be followed for a low-rise building.
Possible alternative systems also are very similar, but the choices for
high-rise buildings are typically more limited.

Air-Conditioning System Alternatives

Several alternative systems are used in tall buildings. Although
the precise system configurations are subject to the experience and
imagination of the design HVAC engineer, the most common ones
are variations of generic all-air and air/water systems.

Unitary, refrigerant-based systems, such as through-the-wall
units, are used in conjunction with all-air systems providing condi-
tioned ventilation air from the interior zone, but this combined solu-
tion has been limited to retrofits of older buildings that were not
previously air conditioned and smaller low-rise projects. They are
seldom used in first-class tall commercial buildings.

Another option is panel-cooling-type systems, including chilled-
ceiling and chilled-beam systems. Though not common in the

United States, these systems are used in Europe as a retrofit alterna-
tive in existing buildings that were not previously air conditioned,
because these systems can be installed with minimal effect on exist-
ing floor-to-ceiling dimension.

All-Air Variable-Air-Volume Systems. All-air variable-air-
volume (VAV) systems in various configurations are one of the most
common solutions in tall buildings. Conditioned air for VAV sys-
tems can be provided from a central fan room or from local floor-by-
floor air conditioning units. These alternative means of delivering
conditioned air are discussed in the section on Central Mechanical
Equipment Room Versus Floor-by-Floor Fan Rooms. This section
is primarily concerned with system functioning, configurations in
use, and possible variations in system design.

VAV systems control space temperature by directly varying the
quantity of cold supply air in response to the cooling load require-
ments. VAV terminals or boxes are available in many configura-
tions; pressure-independent terminal units are recommended.
Interior spaces that have a year-round cooling load regardless of
outdoor air temperature can use any of the alternative types of VAV
boxes:

* A single-duct VAV terminal reduces supply air volume directly
with a reduction of the cooling load. This is a very common ter-
minal in commercial projects, and has the smallest height of any
terminal used in office buildings. Usually a stop is used to main-
tain minimum airflow, for proper ventilation.

* A series-flow fan-powered VAV terminal maintains constant
airflow into a space by mixing the required amount of cold supply
air with return air from the space. The VAV terminal contains a
small fan to deliver constant airflow to the space. The fan operates
any time the building is occupied. The primary advantage of the
fan-powered box is that airflow in the space it supplies is constant
at all conditions of load. This is of particular import if low-
temperature air is used to reduce the distributed air quantity and
the energy necessary to distribute the system air. In cold climates
and when the perimeter serving terminal unit locations are at ideal
distance from the perimeter wall, the series-flow fan-powered ter-
minal continuously recovers internal heat to be used for partial
heat of perimeter spaces.

* A parallel-flow fan-powered VAV terminal maintains variable
airflow into a space and mixes the required amount of cold supply
air at minimum flow requirements with return air from the space.
The VAV terminal contains a small fan that starts only in heating
mode to deliver mixed primary and return airflow to the space.
The fan operates only when heating is required to deliver warm
return air, mixed with cool primary air when the building is occu-
pied. Unlike the series-flow box, this option delivers increased
airflow to the space during heating but can also shut off primary
air and operate only the fan to deliver return air during unoccu-
pied periods. A box-mounted heating coil (hot-water or electric)
supplements the heat provided by return air when heating require-
ments increase. The parallel approach does not ensure constant
air volume to the space, as can be obtained with the series
approach, but it does provide a minimum airflow at significantly
lower operating cost.

* An induction box reduces supply air volume and induces room
air to mix with supply air, thus maintaining a constant supply air-
flow to the space. These units require higher inlet static pressure
to achieve velocities necessary for induction, with a concomitant
increase in supply fan energy requirements. Moreover, opera-
tional problems have been experienced, especially at reduced pri-
mary airflow quantities. Thus, these boxes are now seldom used
in commercial projects.

The exterior zone can use any VAV box type, but in geograph-
ical locations requiring heat, the system must be designed with an
auxiliary means of providing the necessary heating. This can be



done by installing hot-water baseboard, controlled either directly
by thermostat or by resetting the hot-water temperature inversely
with the outdoor air temperature. Other alternatives are thermo-
statically controlled electric baseboard on the exterior wall, or
either electric or hot-water heating coils in the perimeter VAV
boxes.

Low-Temperature-Air VAV Systems. All of the preceding vari-
ations can be designed using conventional temperature differentials
(9 and 11 K) between the supply air and room temperature. Build-
ings have been successfully designed, installed, and operated for
decades with low-temperature supply air between 8.9 and 10°C.
This increases the temperature supply differential to approximately
16 K, thus dramatically reducing primary air quantities and subse-
quently reducing air-handling system size and air duct distribution.

This lower-temperature air can be obtained by operating the
refrigeration machines with chilled water leaving at 4.4°C or by
using ice storage. If the chiller supplies 4.4°C chilled water, operat-
ing costs of the refrigeration plant increase and the chiller must
operate for a longer time before an economizer cycle can occur.
Moreover, use of absorption refrigeration machines may not be pos-
sible, because they usually cannot provide chilled water as cold as
4.4°C.

However, the reduced quantity of air distributed also reduces fan
power, which more than offsets the additional energy used by the
chiller. This lower-temperature air requires series-flow fan-powered
VAV terminals or induction-type air supply terminals to mitigate
draft and dumping concerns at the diffuser due to supplying low-
temperature air directly to the space. The air delivery terminals mix
room and cold supply air to deliver warmer air to the space to offset
heat gain.

Using low-temperature supply air requires elimination of air
leaks and proper installation of the correct thickness of duct insula-
tion to prevent moisture condensation. Note that the decrease in sup-
ply duct size when using cold air can make lower floor-to-floor
heights more practical.

Underfloor Air Distribution (UFAD) Systems. In underfloor
air distribution (UFAD) systems, the space beneath a raised floor is
used as a distribution plenum. Most installations use manually
adjustable supply diffusers or automatically controlled terminal
units beneath the floor to control air delivered to the space above. (In
contrast, for more traditional systems, terminal units are installed
above the ceiling and supply air is delivered from above.) When
properly designed, either underfloor or ceiling-mounted air distri-
bution systems can meet occupants’ comfort requirements. UFAD
systems typically have a higher first cost because of the raised floor,
but operating costs are usually lower because less fan power is
required. However, if a raised floor is a design requirement for elec-
trical distribution and information technology cabling, UFAD may
offer savings in overall first and operating costs.

The UFAD system can use central fan rooms or floor-by-floor
fan units. Conditioned air is typically provided at 16 to 18°C in the
raised-floor plenum (between the structural slab and the raised
floor), but in locations requiring dehumidification, the air must first
be cooled to approximately 12.8°C to remove moisture and then
blended with return air (often using an underfloor-mounted series
fan-powered box or similar arrangement) to achieve supply air tem-
peratures of 16 to 18°C. The suspended ceiling acts as a return ple-
num but can be reduced in depth because of the absence of supply
ductwork.

A major concern with UFAD in tall buildings is the perimeter
zone, which has widely varying loads between summer and winter
conditions, especially in buildings with large glass exterior ele-
ments. Thermostatically controlled fan-coils beneath the floor or
finned-tube radiation along the perimeter walls can be cost-effective
solutions. Additionally, extreme caution is needed in sealing all
structural floor penetrations to prevent short-circuiting of supply air.
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Underfloor air conditioning for a tall building must be selected
early in the design process, because it affects architectural (e.g.,
floor-to-floor heights, exterior facade treatment, stairs, elevators),
structural (e.g., depressed structural slabs), and electrical (e.g.,
plenum-rated cabling) design considerations. All design disciplines
must be involved in this decision process.

The combination of system components and the resultant system
configuration for a specific building are limited only by the
designer’s imagination. The chosen alternative is of interest and
concern to the owner, architect, and other engineering consultants,
and should be subjected to scrutiny and review by the entire design
team before final selection is made.

Underfloor air-conditioning systems are a newer approach,
where the space beneath the raised floor is used as a distribution ple-
num or where terminal units are installed beneath the raised floor (in
contrast with more traditional systems, where the terminal units are
installed above the ceiling). Either system, with ceiling-mounted
terminals or one distributing air through the raised floor, when prop-
erly designed, will meet occupants’ comfort requirements. The
underfloor air-conditioning system typically has higher first cost
than comparable overhead distribution systems because of the cost
of the raised-floor system. The cost premium can vary as a function
of design details for the project, and can be substantially offset if the
owner decides to incorporate a raised floor for power wiring and
information technology cable distribution. Without this fundamen-
tal decision, the increase in the cost of the floor itself and a possible
increase in the floor-to-floor height, with the resultant premium that
must be paid for the exterior wall and the extended internal shafts,
piping, and stairs, may be too great to justify the inclusion of the
underfloor distribution system. Figure 8 shows a typical underfloor
conditioning/ventilation system.

Multiple variations of underfloor air-conditioning system design
are possible. Underfloor air distribution systems use the principle of
displacement ventilation. Designs typically are implemented with
all-air systems in which air is distributed beneath the floor, with the
void between the slab and the raised floor serving as a supply air ple-
num. The conditioned air is provided at relatively elevated tempera-
tures of approximately 16 to 18°C by blending cold, dehumidified
supply air with warm return air. This air then passes at low velocities
from the air-conditioned floor through floor outlets and rises verti-
cally to the ceiling through its own buoyancy, removing heat from
occupants, office equipment, and lighting as it rises. The ceiling and
the space above it function as a return air plenum where distributed
air is collected and returns to the air-conditioning supply system,
which can be either a central or floor-by-floor system. Because sup-
ply ductwork is not needed, the plenum above the ceiling can be
reduced in depth compared to that required for an overhead distri-
bution system.

A variation of the underfloor air-conditioning system is using all-
air terminals or fan-coil units beneath the floor in the exterior zone.
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A thermostatically controlled terminal can be advantageous in alter-
ing unit capacity in the exterior zone with its widely varying loads.
In addition, using a fan-coil unit, which can modify its capacity out-
put as the load varies and has an inherently greater capacity on a per-
cent basis than an all-air terminal, may provide a more cost-effective
solution for tall commercial buildings, particularly those with larger
glass elements in the exterior wall. The design using fan-coil units
is the same as with all-air terminal designs: air is distributed through
floor grilles, with the ceiling acting as a return air plenum.

Many commercial and office projects in Europe include a raised
floor for power wiring and information technology cabling, so
underfloor distribution systems have been widely accepted through-
out the continent. These systems have found more limited applica-
tion in the United States, probably because raised floors are used
infrequently and the National Electric Code® (NFPA Standard 70)
requires that all cabling in an air plenum must be installed in conduit
or carry a plenum rating if the raised floor is used for free discharge
of supply air. (Where a raised floor is used for cable distribution
only, conduit or plenum-rated cabling is not required.) This can
increase the cost of cabling significantly and can therefore be a sig-
nificant consideration in the decision process.

Underfloor distribution systems using variable-air-volume or
fan-coil terminals are applied more widely. These systems have a
lower space reconfiguration cost as occupancy changes, because all
that is required is relocation of a floor diffuser to meet the altered
space needs (akin to relocation of an electrical outlet to serve a new
occupant layout). This lower cost of interior modifications should
be fully considered by the owner and the design team.

Floor supply systems that mix with the total air mass in the occu-
pied zone are not displacement systems. Displacement systems
result in temperature gradients in the occupied space, whereas fully
mixed systems minimize room temperature gradients.

The displacement system effectively delivers supply air to those
parts of the space where heat gain occurs and not the whole occu-
pied volume, so less supply air should be needed.

Fully mixed floor supply systems can handle spaces with high
heat gains (>100 W/m?), and have considerably greater capacity
than displacement systems alone (~40 W/m?2). The floor supply sys-
tem creates zones of discomfort near the outlet, between 1 and 1.5
m radius, where sedentary occupants should not be located. There is
a relatively low air volume per outlet compared with high-level dif-
fuser systems, which require the use of more supply outlets.

Because the air supply stream is delivered directly into the occu-
pied zone, supply velocity and temperature are restricted, limiting
maximum sensible cooling load to 40 W/m? for a 3 m high floor to
ceiling height; higher loads can be handled where the floor-to-ceil-
ing height is greater.

Use great caution with floor-to-ceiling heights less than 3 m,
because the higher temperatures developed at the ceiling may cause
uncomfortable radiant effects. System performance improves with
ceiling height.

Consider using exhaust air heat recovery. Recirculation of room
air should be minimized, because this air will be hot and vitiated,
generally with a higher specific enthalpy than outdoor air.

If air patterns in the space are subject to considerable disruption
(e.g., by occupant movement or high infiltration rates), system
effectiveness will be reduced.

A displacement ventilation system should not be used for heating
because the low-velocity heated air makes effective air distribution
very difficult. A separate perimeter heating system should be pro-
vided.

Selection of supply outlets should be based on minimizing the
zone of discomfort around the supply outlet; this entails using more
small outlets rather than fewer large ones. The geometry of the sup-
ply outlet is not as critical as that for diffusers and registers used in
conventional mixing systems.

Fig. 9 Displacement Ventilation System Diagram

Match the supply volume flow to the volume flow rate of the
plumes set up by internal heat sources at the given boundary height.

The height of the boundary plane depends on supply air volume:
it will be higher if excessive air is delivered, and lower if supply air
is insufficient.

4. DISPLACEMENT VENTILATION

Displacement ventilation effectiveness is improved compared to
conventional mixed systems, which depend on dilution to reduce
contaminants. However, system success relies on reasonable ceiling
heights and maintaining relatively fragile air movement patterns.

The system works better with a high temperature difference
between supply and exhaust air, and is not suitable for applications
that require tight temperature and humidity control. In this respect,
displacement ventilation functions better where a large floor-to-
ceiling height exists and therefore favors applications such as indus-
trial spaces or large auditoriums, atriums, concourses, and some
office spaces, where higher ceiling heights mean higher extract tem-
peratures can be tolerated.

Figure 9 shows the principle of a typical displacement ventilation
system.

Displacement ventilation has the potential for improving energy
efficiency and indoor air quality control for the following reasons:

* There is little mixing between contaminants and bulk air, thereby
improving air quality.

Ventilation is more effective, so fan energy requirements are
lower.

Higher supply temperature means greater use can be made of free
cooling of outdoor air. There are, however, some potential pitfalls
that may reduce the benefits, such as heating performance; disrup-
tion of air patterns in the space by infiltration, occupancy traffic, or
other cooling sources (e.g., chilled beams); and dehumidification
control.

Displacement ventilation is based on the concept of an ideal air-
flow pattern. Instead of total mixing achieved by other air distribu-
tion systems, the flow is unidirectional, with the minimum spreading
of contaminants as possible. This ideal airflow pattern can be
achieved by supplying air to the room at low level at a temperature
slightly lower than that of the occupied zone, with the removal of hot,
vitiated air at high level.

Supply air enters the occupied space at a low velocity and a rel-
atively high temperature compared with conventional systems. This
creates a pool of fresh air, which is distributed evenly across the
floor. Atlocal heat sources (e.g., occupants, machinery), the air tem-
perature is raised. The natural buoyancy of the heated air gives rise
to air currents.

Cool, clean air rises in the plume created by the heat source and
replaces the warmed/contaminated air. The air plume generated from



the heat source carries with it odors and gaseous and particulate con-
taminants emitted in the occupied space. These warm contaminated
plumes spread out below the ceiling, and an upper contaminated
layer is formed. The art of designing a displacement ventilation sys-
tem is to ensure this hot contaminated region is outside the occupied
zone. The supply and exhaust are balanced to produce a boundary
layer above which the air is contaminated, and below which is clean,
conditioned air in the occupied zone.

Air/Water Systems. Air/water systems historically included
induction systems, but modern systems quite often use fan-coil units
outside the building, with interior spaces typically supplied by an
all-air variable-air-volume (VAV) system. Exterior zones are typi-
cally provided with a constant volume of air from either (1) the inte-
rior VAV system in sufficient quantities to meet requirements of
ASHRAE Standard 62.1°s multiple-spaces equation, or (2) a sepa-
rate dedicated outdoor air system providing exterior-zone outdoor
air ventilation. Fan-coil units in a tall building that requires winter
heat are usually designed with a four-pipe secondary water system
to provide coincidental building heating and cooling to different
zones.

An advantage of the air/water system is that it reduces the
required capacity of the central supply and return air systems and
the size of distribution air ducts, compared to those needed with an
all-air system (including low-temperature all-air). At the same time,
it reduces the air-conditioning supply system’s mechanical equip-
ment room space needs. However, air/water systems require space
for heat exchangers and pumps to obtain the hot and cold secondary
water needed by the fan-coil unit system.

Chilled Beams

Chilled beams are a type of air/water system that have had in-
creasing success in tall buildings. These units are available in both
passive and active types, with active units offering higher capacity.
Passive chilled-beam units rely on a combination of radiant and con-
vective heat transfer to provide space conditioning from heated or
chilled water delivered to the unit. With active units, primary supply
air delivered to the unit causes induced room air to circulate through
a hot- or chilled-water coil to provide additional conditioning ca-
pacity.

Chilled beams allow an overall reduction in the ductwork re-
quired to condition the space, because water has a greater heat-car-
rying capacity than air. Consequently, sheet metal costs and
potentially space requirements for supply and return air ductwork
can also be reduced. Use caution, however, because chilled-beam
units have no condensate drain and should be designed without la-
tent cooling capacity, so the primary supply air must be conditioned
to deliver air at a low enough dew point to provide the required de-
humidification of the space served.

Radiant Ceilings

Radiant cooling follows the same principles as radiant heating:
heat transfer occurs between the space and the panels through a tem-
perature differential. However, unlike in radiant heating, the colder
ceiling absorbs thermal energy radiating from people and their sur-
roundings. The major difference between cooled ceilings and air
cooling is the heat transport mechanism. Air cooling uses convec-
tion only, whereas cooled ceilings use a combination of radiation
and convection. The amount of radiative heat transfer can be as high
as 55%; convection accounts for the remainder. With cold ceilings,
the radiative heat transfer occurs through a net emission of electro-
magnetic waves from the warm occupants and their surroundings to
the cool ceiling. On the other hand, convection first cools the room
air because of contact with the cold ceiling, creating convection cur-
rents in the space, which transfers the heat from its source to the
ceiling, where it is absorbed.
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Because air quality must be maintained and radiant panels remove
only sensible heat from the space, radiant cooling panels are used in
conjunction with a small ventilation system. The panels provide
most of the sensible cooling, and the air system provides ventilation
and air moisture (latent load) control. To prevent high humidity lev-
els in a room, the supply air must be drier than that of the supplied
space, especially when there are additional moisture sources in the
room. Consequently, outdoor air must be dehumidified, which is
usually done by cooling to a dew point of approximately 15°C. If the
environment is dry, the ventilation system is used to humidify the air.
Because the ventilation system is used only to maintain the air qual-
ity and to regulate the latent load, the airflow required is small rela-
tive to conventional cooling systems. Best results are usually attained
with a straight displacement ventilation system with no air recircu-
lation. This system typically supplies air through outlets near or at
the floor, at temperatures below that of the room air; this approach
provides a uniform layer of fresh air at floor level. In turn, people and
other heat sources create a passive convective flow of fresh air to the
ceilings, where it can be exhausted. This reduced airflow and radiant
panels’ relatively high surface operating temperature (mean tem-
perature of 16°C) make radiant cooling a more comfortable way of
cooling a space than conventional systems.

A cooled ceiling operates in direct proportion to the heat load in
the room. Typically, a person sitting at a desk emits 130 W of
energy, whereas a computer emits 90 to 530 W to its surroundings.
The radiant panel capacity should be determined by the operation
conditions (water temperature and flow) and the space temperature.
The greater the number of people and/or appliances and exposure to
sunlight, the greater the space heat load (and therefore greater
increased capacity of the cool ceiling). Generally, cool ceilings can
handle between 100 and 225 W/m? with up to 50% of the ceiling
space used for cooling.

Condensation Control

Condensation on the surface of the panels is not a problem with
radiant cooling as long as the supply water temperature is properly
controlled. Because condensation of water occurs when the panel
temperature reaches the space dew-point temperature, proper water
temperature control helps avoid condensation. The space dew-point
temperature should be monitored by a sensor linked to a controller,
which modulates the inlet water temperature accordingly. There-
fore, if there is risk of condensation, the water temperature is raised
or water flow is shut off. However, the lower the panel’s inlet tem-
perature is, the more work the panels do; the inlet temperature
should be at least 1 K above the room’s dew-point temperature.
Consequently, the cooling capacity of a radiant cooling system is
generally limited by the minimum allowable temperature of the inlet
water relative to the dew-point temperature of the room air.

Variable-Frequency-Drive (VFD) Fan-Coils

Fan-coil units, either vertical stacked or horizontal, are often
used in tall hospitality or residential buildings. Built-in variable-
frequency drives provide an energy advantage to the overall build-
ing energy consumption, as well as improving temperature control
in spaces conditioned by these units. For details, see the section on
Fan-Coil Unit Systems in Chapter 20 of the 2016 ASHRAE Hand-
book—HVAC Systems and Equipment.

These units can be either complete with cabinets (which can be
exposed in the space) or built into the general construction (less
obtrusive to building aesthetics). Vertical units are even available
with vertical pipe risers factory installed, reducing field-installed
piping and overall construction costs. Although these internal com-
ponents are generally designed and tested for elevated pressure
capabilities, the actual pressure on these components for a particular
building height should be investigated.
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Variable-Refrigerant-Flow (VRF) Systems

VREF systems for heating and cooling are becoming more preva-
lent for reducing energy consumption in space conditioning. This
system option is viable for use in a tall building, particularly the
newly available water-cooled condensing unit option. Air-cooled
conditioning may also be viable, but requires significant amounts of
space outside the building, and tall buildings typically have small
roof areas and limited space on the ground. In addition, the refrig-
erant lift available from these units is limited, which typically makes
air-cooled options less desirable. For details, see Chapter 18 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment.

5. CENTRAL MECHANICAL EQUIPMENT ROOM
VERSUS FLOOR-BY-FLOOR FAN ROOMS

Project needs for conditioned air can be met by one or more cen-
tral mechanical equipment room(s) serving multiple floors, or by
systems installed in separate, local fan rooms on each floor, supply-
ing air only to the floor on which the system is installed. Either
chilled-water cooling or self-contained air-conditioning units in the
floor-by-floor scheme can be used. The choice of any of the three
alternative schemes is one of the most fundamental decisions made
during the conceptual design phase. This issue concerns the owner,
each member of the design team, and the constructing contractors,
because it affects space requirements, space distribution, standard
versus custom HVAC equipment, and piping and electrical distribu-
tion costs.

Central Fan Room (Alternative 1)

In central fan rooms, the supply of conditioned air for each office
floor originates from multiple air-handling systems located in one
or more central fan room(s), which are frequently identified as cen-
tral mechanical equipment rooms (MERs). Each air-handling sys-
tem can be provided with an outdoor air economizer through
minimum and variable outdoor air dampers, as dictated by the
annual ambient temperature and humidity conditions and building
code requirements. Multiple systems in a fan room can be intercon-
nected by delivering supply air into a common discharge plenum
from all supply systems on that floor.

Air from the central fan room(s) is distributed to each floor by
means of vertical duct risers in fire-rated shafts (typically 2 h rated)
within the core of the building. At each floor, horizontal duct taps
are made into each riser. This horizontal duct tap contains a fire
damper or a fire/smoke damper, as required by the local building
code, that must be installed where the supply air duct exits the rated
shaft enclosure. In many situations, an automatic, remotely con-
trolled two-position damper, which can be rated as a smoke damper,
provides individual-floor overtime operation and smoke control.
The position (open or closed) is typically controlled by the building
management system either on an occupancy schedule or by occu-
pancy sensor or manual reset switch.

Return air from each floor’s ceiling plenum also enters the verti-
cal shaft though a return air fire damper at each floor.

Return air is often not ducted within the shaft, so the air is carried
back to the central fan room in the 2 h rated drywall shaft. In each
central fan room, multiple return air fans draw return air from the
return air shafts and deliver it to a headered return air duct system in
the central room and then to each air-handling unit.

With an outdoor air economizer, return air is either returned to
the supply air system or exhausted to atmosphere, as determined by
the relative dry-bulb temperature (or enthalpy) of the return air and the
outdoor air being provided to the building. Quantities of outdoor and
return air depend on the season and the resultant outdoor temperature
and humidity. In warmer climates where the systems operate on mini-
mum outdoor air at all times, return air is always returned to the supply

air system except during morning start-up or where the fans are oper-
ating in smoke-control mode.

A typical central fan room and supply and return air shaft ar-
rangements are shown in Figure 10.

Floor-by-Floor Fan Rooms with Chilled-Water
Units (Alternative 2)

The air supply for each office floor under this alternative origi-
nates from a local floor fan room, typically located in the building
core. This room contains a chilled-water air-handling unit with a
cooling coil, filters, and fan(s). Morning heating at start-up in cold
climates can be provided by a heating coil in the air-handling unit,
a unit heater installed in the local fan room, or heating coils in the
VAV or fan-powered VAV (FPVAV)boxes. The unitona given floor
usually only supplies the floor on which the unit is installed. Typi-
cally, one unit is installed on each floor, but multiple units may be
used with interconnected air systems on large floors. Chilled water
for the cooling coil is provided by a central chilled-water plant in the
building, sized to meet the combined capacity requirements of all of
the cooling and heating needs. The supply air fan in the air-condi-
tioning system both supplies air and returns it from the zone served.
Return air is typically directed to the fan room through the ceiling
plenum, but may be either ducted or unducted in the fan room. In
most cases, however, the fan room acts as a return air plenum.

This system typically operates on minimum outdoor air during
all periods of occupancy. Outdoor air for the system is provided by
an air-handling unit serving as a dedicated outdoor air system
(DOAS), located on the roof or in a central mechanical equipment
room. This unit provides conditioned outdoor air to the unit on each
floor by a vertical air riser routed to each air-handling unit. The out-
door air unit may include preheat and cooling coils to treat incoming
outdoor air, and should contain filtration to clean this air. This unit
can contain heat recovery to precondition the outdoor air by recov-
ering heat or cool from exhaust air, which may be required by the
applicable energy code.

Although chilled water is typically provided by a central refrig-
eration plant, economizer requirements can be provided by cooling
the chilled water in mild weather by condenser water from the cool-
ing tower. During periods of low wet-bulb temperature, the con-
denser water cools the chilled water through a heat exchanger in the
central chilled-water plant or by refrigerant migration through the
refrigeration unit.

A typical local fan room supply, return, and outdoor air arrange-
ment is shown in Figure 11. The unit heater shown provides morn-
ing heat. It can use electric energy or hot water as its heat source.

As shown in Figure 11, the walls around the local floor fan room
are not fire rated because the duct penetration serves only this floor.
The vertical shaft that contains the outdoor air duct from the central
fan room, and perhaps the smoke exhaust ducts, constitute a fire-
rated shaft. Accordingly, fire dampers are only provided at the point
where ducts penetrate the shaft wall, not as they leave or enter the
local floor fan room itself. Although fire dampers are shown in the
smoke exhaust ducts, many codes prohibit their use in an engineered
smoke control system to avoid the possibility of having a closed
damper when smoke removal is required.

Floor-by-Floor Fan Rooms with Direct-Expansion Units
(Alternative 3)

A variation of the floor-by-floor alternative consists of a floor-
by-floor air-conditioning supply system that is virtually identical to
that in the chilled-water alternative. In this alternative, a packaged,
self-contained, water-cooled direct-expansion (DX) unit, complete
with one or more refrigeration compressors and water-cooled con-
densers, is used to produce the cooling. The heat of rejection from
the compressor is handled by a circulating condenser water system
and cooling tower. If geographic location dictates an economizer,
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Fig. 10 Central Fan Room Arrangement
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Fig. 11 Floor-By-Floor Air-Conditioning Unit Layout (Normal Operation)

this need can be met by a free-cooling coil installed in the packaged
unit that will only operate when condenser water delivered to the
unit is cold enough to provide effective cooling. The only central
cooling equipment is a cooling tower, condenser water pumps, and
the central outdoor air supply unit. If an open tower system is used,
consider providing a way to remove particulates from the circulat-
ing condenser water. Depending on the size of anticipated particles,
typical options include sand filtration, media filtration, and centrif-
ugal separators. For an open system, condensers should be clean-
able. Bear in mind that significant water will end up on the floor
during condenser cleaning, so it is important to ensure that the room
has a recessed floor drain and that the floor is moisture sealed.

The physical arrangement of the supply air unit does not differ
from that shown in Figure 11, except that the chilled-water risers are
replaced by condenser water piping.

Floor-by-Floor Units Located on Outer Wall
(Alternative 4)

A popular variant location for a packaged floor-by-floor unit is
on an outer wall. This location obviates the need for a separate out-
door air unit in a central fan room. Outdoor air can be directly intro-
duced to the floor-by-floor unit through a louver and automatic
louver damper for each unit. Moreover, this arrangement may allow
using an air-cooled condenser to handle heat of rejection. If the loca-
tion requires an economizer, include a minimum and variable air
damper behind the outdoor air louver.

Several precautions are necessary. If an outdoor air economizer
is used, the return air spill damper must be located carefully to
ensure that outdoor air and spill air do not mix. Similar care must be
taken to avoid air-cooled condenser intake air mixing with air pre-
viously spilled to atmosphere. There must be no possibility of mix-
ing heated discharge air with either the condenser intake air or the
outdoor ventilation air for the supply air-conditioning unit. This can
become a complicated arrangement, which may necessitate locating
the air-cooled condenser remote from the local fan room.

Comparison of Alternative Schemes

An accurate comparison of alternative schemes can only be made
with a developed set of schematic plans in sufficient detail to allow
a cost estimate to be completed by the contracting team or a profes-
sional estimating service. For an example, see Table 2.

Acoustics

Acoustical criteria should be established for the various types of
occupancy that are expected in the building. For example, open-plan
office space can be designed to meet a noise criteria level of NC-40,
whereas private and executive offices or conference rooms should
be no higher than NC-35, and may be required to be even lower. The
acoustical engineer on a project sets these levels, and it is the
responsibility of the HVAC designer to work with the acoustician to
see that the criteria established are achieved in the final installation.
(For details on sound levels, see Chapter 49 in this volume and
Chapter 8 in the 2017 ASHRAE Handbook—Fundamentals).

Equipment and system selection affects the required sound treat-
ment and resultant noise levels in occupied areas. It is important that
project acoustical standards and the final design are reviewed by the
acoustical consultant to ensure that the desired noise levels can be
achieved, particularly when floor-by-floor fan rooms are used.

6. CENTRAL HEATING AND COOLING PLANTS

Many, but not all, tall buildings require a central plant to provide
chilled and hot water or steam to meet the cooling and heating needs
of the building. If packaged direct-expansion equipment is used on
a floor-by-floor basis, as discussed previously, then a chilled-water
plant is not required. Similarly, in climates where heat is necessary
in colder weather, if electric resistance heat (either along the base of
the outer wall or in an overhead fan-powered air conditioning ter-
minal supplying the periphery of a building) is used, then central
hot-water or steam boilers are not required. In some locations,
chilled water and/or steam or hot water are available from a central
utility.
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Table 2 Comparison of Construction Alternatives

Alternative 1

Alternative 2

Alternative 3

Central Fan Systems
Central Chilled Water

Floor-by-Floor Fan Systems
Central Chilled Water

Floor-by-Floor DX Systems

Central Cooling Tower

First-Cost Considerations

HVAC
Fewer units, field erected.
More complex and expensive duct systems.
More complex field-installed controls.

Central chilled-water plant.

Building Management System

Complex controls and interface with building
management system (BMS) and smoke control
system.

Electrical

Electrical loads concentrated in central location.
Probably lowest electrical cost.

General Construction

Additional gross floor space needed.
No separate outdoor air or smoke exhaust shaft.

More units, factory-fabricated and assembled.
Simpler ductwork.
Field-installed control system.

Central chilled-water plant.

Controls are relatively simple but field installed.
Interface with BMS and smoke control system less
complex.

Minor cost premium for distributed fan motors.
Probably higher electrical cost than alternative 1.

Additional cost of sound treatment of local floor-
by-floor fan room.
Need separate outdoor air and smoke exhaust shaft.

More units, factory-fabricated and assembled.
Simpler ductwork.
Factory-installed control system.

No central chilled-water plant; cooling tower only.

Unit controls provided by manufacturer. Interface
with BMS and smoke control system simple.

Additional cost for electrical distribution to local
DX units.

Highest electrical cost.

Additional cost of sound treatment of local floor-
by-floor fan room.
Need separate outdoor air and smoke exhaust shaft.

Construction Schedule

General Complexity of Installation

Central mechanical equipment room space and
complex construction technology for both
chiller plant and fan systems locations.

Requires piping of a major chiller plant.

Chiller plant location critical to construction
schedule.

Heavier slab construction at central mechanical
equipment room.

Extensive complex ductwork in central
mechanical equipment room.

Chiller plant space is required, with need for more
complex construction technology.

Requires piping a major chiller plant.

Chiller plant location critical to construction
schedule.

Heavier slab construction for chiller plant only.

Limited ductwork, repetitive fan room arrangement
on each floor.

Areas that contain complex construction
technology are limited.

No major chiller plant.

Cooling tower only.

Chiller plant is not required.

Very limited special slab construction.

Limited ductwork, repetitive fan room arrangement
on each floor.

Owner Issues

Marketing/Electric Metering

Tenant lights and small power can be metered
directly.

Fan energy and chiller plant energy, as well as
heating energy, operating costs are allocated
unless heating is by electric resistance heat.

Other common building operating costs are
allocated.

Operating Costs

For normal operating day, operating costs for all
floors occupied are lower than alternative 3.
Approximately equal to alternative 2.

Overtime operation requires the chiller plant to

operate in the summer. With variable-speed fan

control and headered supply and return fans,
energy costs equal to alternative 2. Operation
more cumbersome. Fan and chiller plant costs
must be allocated.

Larger central fan system has limited turndown
capability. Overtime operation of a single floor
is more difficult to accommodate.

Tenant lights, small power, and fan energy can be
metered directly for any floor with a single tenant.
Multitenanted floors require allocation of fan
energy only.

Chiller plant energy, as well as heating energy,
operating costs are allocated unless heating is by
electric resistance heat.

Other common building operating costs are
allocated.

For summer operating day, operating costs for all
floors occupied are lower because of lower energy
consumption than alternative 3. Approximately
equal to alternative 1.

Overtime operation requires chiller plant to operate
in summer but otherwise is simple. Chiller plant
cost must be allocated.

Tenant lights, small power, fan, and cooling energy
can all be metered for any floor with a single
tenant. Multitenanted floors require allocation of
fan energy and cooling energy only.

Heating energy operating cost must be allocated
unless heating is by electric resistance heat.

Other common building operating costs are
allocated.

For the summer operating day, operating costs for
all floors occupied are higher because of higher
energy consumption than alternatives 1 or 2
because of less efficient DX compressors.

Overtime operation simplest but probably higher in
cost than alternatives 1 or 2. Single-floor tenant
cost for cooling tower only must be allocated.
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Comparison of Construction Alternatives (Continued)

Alternative 1

Alternative 2

Alternative 3

Equipment Issues

Equipment Maintenance

All equipment is installed in central mechanical

equipment room with centralized maintenance.

Requires more maintenance than alternative 1 but
less than alternative 3, because of larger number of
units with filters, motors, fan drives, bearings, etc.

Chiller is in central mechanical equipment room,

Requires more maintenance than alternatives 1 or 2
because of larger number of units with filters,
motors, fan drives, bearings, etc., plus compressor
equipment on each floor.

allowing centralized maintenance.

Equipment Redundancy and Flexibility

Can operate in reduced mode in case of limited
failure because of headered fan arrangement.
Can handle changing cooling loads and/or
uneven cooling loads on a floor-by-floor basis
within limits. Larger central fan system may
only be able to turn down to supply air to
minimum of two to three floors.

Equipment Life Expectancy

Life expectancy of equipment is in excess of 25

If unit fails, floor is without air conditioning.
Cannot handle changing cooling loads or uneven
cooling loads on a floor-to-floor basis without
building in additional system capacity at design.

Life expectancy of equipment is in excess of 25

If unit fails, floor is without air conditioning.
Cannot handle changing cooling loads or uneven
cooling loads on a floor-to-floor basis without
building in additional system capacity at design.

Compressor life expectancy is probably

years. years. approximately 10 years.
Remainder of installation life expectancy is in
excess of 25 years.
Architectural Issues
Building Massing

Central fan rooms usually require two-story
MER.

Chiller plant room usually requires two-story
MER.

the office floor.

Usable Area
Takes the least area per office floor.

Maximum usable area per office floor.

Gross Area

Takes more gross building area than alternatives Takes more gross building area than alternative 3
but less than alternative 1.

2or3.

Local fan room fits within floor-to-floor height of

Takes a greater area per floor.

Local fan room fits within floor-to-floor height of
the office floor.

Chiller plant room usually requires two-story MER. No central chiller plant room required.

Takes a greater area per floor.

Less usable area per office floor than alternative 1. Less usable area per office floor than alternative 1.

Takes less gross building area than alternatives 1
or2.

For most other installations, a central chilled-water plant with
refrigeration machines and a central boiler plant are required. Fac-
tors that should be considered when deciding the type and location
of the heating and cooling plant include the following:

* Weight, space requirements, and effect on structural system

« Effect on construction schedule

* Specific changes in mechanical equipment room detailing and

slab construction

Acoustical considerations

 Ease and cost of operation and maintenance

* Available energy sources

» Annual operating costs and possibly life-cycle costs of each alter-
native

Calculation of owning and operating costs is discussed in Chap-
ter 38. Alternative refrigeration technologies are detailed in Chap-
ters 1 to 3 of the 2018 ASHRAE Handbook—Refrigeration, and
boilers are covered in Chapter 32 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment. Useful reference information is also
contained in ASME (2013).

Plant Economic Considerations

Detailed analysis is needed to determine the cooling method that
should be installed in a project. The choices are usually limited to ei-
ther centrifugal refrigeration or absorption chilled-water machines,

although recent developments have made screw chillers more rele-
vant for use in tall buildings. Centrifugal machines can be electric
drive or steam drive; screw machines are available only with electric
motor drives, and both are almost always water-cooled. Absorption
machines can be single or double effect, but the latter require high-
pressure steam to achieve their lower energy costs. High-pressure
steam is rare in today’s commercial projects unless the steam is
available from a central utility.

Air-cooled refrigeration machines have been installed in tall
buildings, but infrequently: commercially available sizes of air-
cooled refrigeration equipment are limited, and space requirements
are comparatively excessive. The largest air-cooled refrigeration
machine that currently can be purchased this time is approximately
1400 kW. Tall buildings, by nature, are typically large, and the num-
ber of air-cooled refrigeration machines and relatively large equip-
ment space that would be required usually make air cooling not
viable. In addition, air-cooled equipment’s operating costs may be
higher because of higher condensing temperatures developed by the
refrigeration equipment caused by outdoor dry-bulb temperatures
that are higher than the coincident wet-bulb temperature. Water-
cooled equipment’s refrigerant condensing temperature, on the
other hand, is driven by the lower outdoor air wet-bulb temperature.
This operating cost difference exists even though there is no cooling
tower fan or condenser water pump.
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Air-cooled equipment may, however, find application in tall
buildings where water for cooling tower makeup either is not avail-
able or is prohibitively expensive.

For tall buildings that do not use electric resistance heat, the fuel-
fired heating plant includes boilers fired by oil or gas, by both fuels
(with oil as a standby fuel), or by electricity. These boilers provide
hydronic heat and low-pressure steam for distribution to spaces in
the building, or act as supplements to heat pumps or heat recovery
systems. Choosing the correct solution for a building is subject to an
economic analysis that considers space requirements, first cost, and
operating expense.

Central Plant Location

Further complicating the energy transfer source decision is the
location of the equipment within the building. This affects structural
costs, architectural design, construction time, and availability of
cooling or heating relative to the initial occupancy schedule. A be-
low-grade location could potentially provide early heating availabil-
ity, but also could complicate the design process and result in higher
overall project costs. Locating cooling and heating plants on floors
above grade, up to and including space immediately below the roof,
is common and may be desirable for simplicity of construction and
ease of providing the necessary ventilation air and other services to
the equipment. Moreover, the two types of plants need not be in-
stalled at the same level in the building, because there is usually no
direct interconnection of the two plants.

Virtually any location in a tall building can be used for the heat-
ing and cooling equipment. When choosing the location, consider
the following:

« If a boiler is installed above grade, fuel (i.e., oil, gas, electricity)
must be brought to the boiler and a flue and combustion air, in the
case of a fuel-fired boiler, must be taken from the boiler to atmo-
sphere.

* Boiler plant location should be determined by analysis following
previously outlined parameters.

» Regardless of where it is installed, the design must include appro-
priate acoustical design considerations and vibration isolation.

Considerations for the refrigeration plant location are more com-
plex. Not only must electricity, gas, oil, or steam be brought to the
machine to operate the equipment, but chilled and condenser water
also must be pumped from the refrigeration plant to the air-condi-
tioning supply equipment. In addition, the cooling tower and the
working pressure of the refrigeration machines, piping, fittings, and
valves must be reviewed based on the static height of liquid above
this equipment, as discussed in Ross (2004) and Chapter 40 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment.

Because of the world trend of increasing building height and
because tall buildings tend to be mixed use, split chiller and boiler
plants are becoming more common: part of the heating and cooling
production plant is located at the top part of the building, and part at
the basement. The reason for this split is to limit pressure on both
halves of the plant distribution systems.

In addition, installing a cogeneration or trigeneration plant in tall
buildings to meet green and sustainability initiatives is becoming
popular. These facilities use engine- or turbine-driven generators to
deliver electricity to the building and generate either chilled water
through absorption chilling and/or heating water.

Acoustical Considerations of Central Plant Locations

Acoustics and vibration also are key considerations during archi-
tectural, structural, and mechanical design. The HVAC designer and
project acoustician should place mechanical equipment to achieve the
desired acoustical levels in spaces above, below, or adjacent to the
central plant. Achieving the proper solution involves understanding
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the characteristics of sound generated by the equipment and the vari-
ous paths (e.g., through floors, ceilings, walls, building structure) for
transmission of that noise and vibration to occupied areas of the
building.

Regardless of the type of equipment being installed on a project,
it is prudent to specify a maximum permissible sound level for
equipment. Sound and vibration generation, transmission, and cor-
rection are discussed in Chapter 49 in this volume and in Chapter 8
of the 2017 ASHRAE Handbook—Fundamentals.

Effect of Central Plant Location on
Construction Schedule

The locations of the boiler and chiller plant also affect the con-
struction schedule. This concern is especially critical for the refrig-
eration plant, which is a complex installation that involves a
significant amount of labor because of the need to complete the
chilled-water, condenser water, and possible steam piping as well as
provide for the electrical capacity requirements of the machines.
The heaviest piping and most difficult installation process for piping
in the building occur at the refrigeration plant. As a result, if the
refrigeration plant is on the uppermost level of the building, instal-
lation of the machines and their associated piping can delay the
overall schedule. Accordingly, if the refrigeration equipment cannot
be installed in the below-grade level because that space has other
priorities (e.g., parking, storage), the refrigeration plant may be best
located above the lobby level and below the uppermost levels of the
building.

7. WATER DISTRIBUTION SYSTEMS

Water distribution systems for a tall building require special con-
sideration, primarily because the building height creates high static
pressure on the piping system. This pressure can affect the design of
the piping systems, including domestic water and sprinkler piping
systems. This section addresses chilled-, hot-, and condenser water
systems.

The chilled- and hot-water systems are always closed systems
(i.e., pumped fluid is not exposed to the atmosphere), whereas the
condenser water system is usually open. Closed systems contain an
expansion tank, which can be either open or closed. An open expan-
sion tank is located at the highest point of the piping system and is
open to atmosphere; the exposed surface area of the water in the
open tank is insignificant and the system is still considered closed.

In an open system, the pumped fluid is exposed to atmospheric
pressure at one or more points in the piping system. The condenser
water piping distribution system is typically considered open
because the water is exposed to atmosphere by the clean break in the
piping at the open cooling tower.

As stated in Chapter 13 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment, “one major difference in hydraulics
between open and closed systems is that some hydraulic character-
istics of open systems cannot occur in closed systems. For example,
in contrast to the hydraulics of an open system, in a closed system (1)
flow cannot be motivated by static pressure differences, (2) pumps
do not provide static lift, and (3) the entire piping system is always
filled with water.”

If an evaporative cooler or dry cooler (commonly called an
industrial fluid cooler) were used for the condenser water rather
than a cooling tower, the piping system would be closed rather than
open. Using evaporative or dry coolers for an entire large commer-
cial office building is extremely rare. However, they are used in por-
tions of tall buildings to handle the heat of rejection from
supplemental cooling systems that may be required for spaces or
equipment that require additional cooling capacity.
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Hydrostatic Considerations

A major consideration in piping system design for a tall building
is the hydrostatic pressure created by the height of the building. This
hydrostatic pressure affects not only the piping and its associated
valves and fittings, but also equipment in the building; in the chilled-
water system, this includes refrigeration machines, casings for
chilled-water pumps, cooling coils in air-conditioning systems, heat
exchangers, and any fan-coil units at the exterior wall of the
building. A similar list of devices beyond piping, valves, and fittings
can be developed for other pumped systems such as the condenser
water or any hot-water system.

Dynamic pressures created by the pumps also must be added to
the static pressure to determine the working pressure on any element
in the piping system. This dynamic pressure is the total of the fol-
lowing elements:

« Friction loss through piping, valves, and fittings

* Residual pressure required at the most remote piece of heat trans-
fer equipment for its proper operation (includes pressure loss
through the equipment’s control valve as well as drop through the
equipment itself)

* Any excess pressure caused by pumps operating at reduced flow
close to their shutoff pressure

The working pressure of the piping and connected equipment at
various elevations in the building must be known. This is found by
adding the hydrostatic pressure at the specific location to the
dynamic pressure that can be developed by the pumps at that loca-
tion. The dynamic pressure at any point should include the pump
pressure at or close to pump shutoff at full speed, even if variable-
speed pumps are used, because it is possible for the pumps to oper-
ate at this shutoff point in the event of a VFD failure. This working
pressure on piping and equipment invariably lessens as the static
pressure at a specific location is reduced.

The trend of ever-greater height makes piping system hydrostatic
pressure zoning design very important for both technical and eco-
nomical reasons. Check the pressure rating of all major air-condi-
tioning equipment to confirm whether the required pressure-rated
equipment is economically available in the market.

Effect of Refrigeration Machine Location

The level on which the refrigeration machines and the supporting
chilled- and condenser water pumps are located in a building can
affect the cost of refrigeration equipment, the pumps, the piping,
and the fittings and valves associated with the piping. There is eco-
nomic impact because of the working pressure to which the equip-
ment, piping, fittings and valves will be subjected by the height of
the system above.

Using the following information, calculate the effect of alterna-
tive chiller locations in a tall building: at basement level, a midlevel
mechanical equipment room, and a mechanical equipment room on
the roof. There would be an open expansion tank at the top of the
building (the highest point in the system) in all three alternatives. If
a closed expansion tank is used, the maximum pressure must be
established and considered in the determination of the system’s
working pressure.

Example 1. For 2000 kPa fittings, work backwards to calculate the static
building height that will not exceed 2000 kPa when the pumps are not
operating. Hydrostatic pressure in a liquid can determined using the
following equation:

P=pgh

where
P = pressure in fluid, Pa
p = density of liquid = 1000 kg/m3
g = acceleration of gravity = 9.81 m/s?
h = height of fluid column at which the pressure is measured, m
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P = (1000)(9.81)(200) = 1962 kPa

It is therefore recommended to have a pressure break every 200 m
in a supertall and megatall building. Fittings with pressure higher than
2000 kPa can also be used, but at a substantial increase in cost.

Alternative refrigeration plant locations (at midlevel and top of the
building) must also be calculated. For a 70-story, 274 m building, work-
ing pressure would be 1758 kPa at the midlevel location, and 448 kPa at
the top of the building.

The standard working pressure for coolers and condensers on
large refrigeration machines from all of the major manufacturers in
the United States is 1000 kPa. These machines can be manufactured
for any working pressure above 1000 kPa for additional cost. The
incremental increase in the cost of a given vessel becomes larger
with each unit of increase in the working pressure. Accordingly, it is
necessary for the HVAC design engineer to accurately determine
and separately specify the working pressure on both the cooler and
the condenser of the refrigeration machines.

Working pressure on the refrigeration machine can be reduced by
locating the chilled-water pump on the discharge side rather than the
suction side. If this is done, the residual pump pressure on the refrig-
eration machine water boxes is reduced to the sum of the hydrostatic
pressure and this nominal value of dynamic pressure from the
pumps. This can reduce the cost of the refrigeration machines, but
does not alter the pressure on the pump casing and flanges, which
must still be the sum of the static and dynamic pressures.

Chilled-Water Pressure Reduction

Pressure on (and cost of) refrigeration equipment can be reduced
by locating it above the basement; this, however, will not alter the
maximum pressure experienced by the pipe, fittings, and valves at
any location that is used. It is possible, however, to reduce the
chilled-water working pressure on both the machines and piping by
using plate-and-frame heat exchangers, which segregate groups of
floors into separate static pressure zones.

In the 274 m tall example building with the refrigeration machine
in the basement, it is possible to break the chilled-water system into
three separate zones (Figure 12).

Each zone has static pressure of one-third of the total building
height, or 91 m. All of the pumps are located on the discharge side
of the refrigeration machines or the secondary zone heat exchangers.
The result is that the maximum head of each zone is 986 kPa, which
is below the threshold design pressure of 1000 kPa, or the point at
which an increased pressure rating for the chiller and other heat
transfer equipment must be considered.

The working pressure of the primary chilled-water pump in the
basement will not change substantially from that required where no
secondary systems were included, because the primary chilled-
water pump must now overcome the loss through the flat-plate heat
exchanger. In addition, motor-driven pumps are added at each sec-
ondary water heat exchanger. Finally, with the two additional zones
and the resultant chilled-water temperature increase, there is a req-
uisite increase in the volume of water flowing through the systems
on the upper floors. Accordingly, although there are benefits in the
reduction in pressure, there are partially offsetting considerations
that must be analyzed to determine the overall cost effectiveness of
using flat-plate heat exchangers to reduce the operating pressure on
the equipment, pipe, valves, and fittings at a given level.

Use of flat-plate heat exchangers and their location in a chilled-
water piping system is subject to an economic analysis by the design
HVAC engineer to determine the first cost of alternative arrange-
ments as well as the operating cost differentials, if any, for any
scheme.

Using a flat-plate heat exchanger to reduce working pressure on
the condenser, although feasible, is not often considered, because
the condenser water piping is usually in a single shaft with minimal
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Fig. 12 Typical Chilled-Water Distribution System for
Supertall or Megatall Building

(if any) offsets and a resultant small number of fittings. Valves are
also only installed at the machines and are few in number. This lim-
ited number of fittings and valves may not be sufficient to offset the
cost of the flat-plate heat exchanger and its valving as well as the
added pump on the secondary side of the heat exchanger. Beyond
that, there is an increase in the temperature of the condenser water,
which increases the cost of operating the refrigeration machines.

Piping, Valves, and Fittings

The working pressure on the piping, valves, and fittings at various
levels in a building must be determined so that proper piping material
can be specified. In the United States, with steel pipe, Schedule 40 pipe
is the standard wall thickness for pipes up to 250 mm diameter. For
pipes 300 mm and larger, the pipe standard that is used has a wall thick-
ness of 9.5 mm. Either of these standards would accommodate the
working pressures experienced in any expected pipe diameter in any
tall building. The allowable pressures for various pipe diameters can be
found in ASME Standard A17.1 and the Boiler and Pressure Vessel
Code (ASME 2013) and in the publications of various pipe manufac-
turers. The valves used should be reviewed in the valve manufacturers’
literature to ensure their ability to meet the project’s requirements.

For steam condensate piping or for condenser water piping,
where corrosion is a possible concern, pipe with a heavier wall
thickness should be considered, although not because of the work-
ing pressure on either system.
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Piping materials other than steel are often used. For pipe sizes
below about 100 mm, in the cases of runouts or in open condenser
water piping where corrosion is a concern, copper is the usual
choice. Copper pipe is rare, but copper tubing is common. The lim-
iting factor in the use of copper tubing is usually at the joints, where
the ability to handle higher working pressure is restricted.

Piping Design Considerations
Other factors piping design should consider include

* Expansion and contraction in the piping and its static and
dynamic loads, because they are reflected in the structural steel
framing system of the building

 Access to expansion joints and the anchors and guides for the pip-

ing, which should be inspected periodically after the building is

constructed

Firestopping between the pipe and the sleeve located at all pene-

trations of rated slabs, walls, and partitions

* Seismic restraints (if required) on the piping systems and pumps

In addition to expansion and contraction of the piping caused by
changes in the ambient temperature or of the pumped fluid in the
piping, frame shortening can be a problem in concrete buildings.
Concrete shrinks as it cures: over time, this shortening can be in the
range of 3 mm per floor. Although this movement is relatively small,
it amounts to about 225 mm for a 70-story building. This condition
requires that pipes above, below, and between anchor points be flex-
ible enough to allow for pipe movement with respect to the struc-
ture. To properly design for this condition, the HVAC designer
should obtain from the structural engineer the exact amount of
movement that the piping system can experience.

Economics of Temperature Differentials

Traditionally, rules of thumb for selecting refrigeration machines in
the United States have used a 5.6 or 6.7 K temperature differential
between entering and leaving water in the chiller and a 5.6 K differential
or 0.054 mL/J of capacity for the condenser. These guidelines are appro-
priate for small buildings, because they have little effect on project cost,
but may be less ideal for large buildings, particularly tall buildings. In
projects of this type, the capital costs of piping, valves, and fittings can
be substantially reduced, with a possible penalty in refrigeration
machine operating cost, by using larger temperature differentials with
lower water flow and a consequent reduction in piping diameter.

For a large project with a total cooling capacity requirement of 14
000 kW and chilled-water flow at a 5.6 K temperature differential,
600 L/s is circulated through 500 mm piping at approximately 3.0
m/s. If an 8.9 K temperature differential is used, total flow from the
refrigeration plant is 380 L/s and the piping is 400 mm. Cost savings
on the piping using the greater temperature differential would be
significant. Also, although the kilowatts per unit of cooling under
both conditions should be studied, with the same discharge tempera-
ture, the operating energy consumption probably is unchanged.

For the 14 000 kW refrigeration plant with a 5.6 K differential, the
condenser water flow is 760 L/s and 600 mm piping is required. If this
temperature differential were increased to 8.3 K, condenser water
would be reduced to 500 L/s, and the piping to 500 mm. Again, this
change results in a significant first-cost savings, depending on the dis-
tance between the refrigeration machines and the cooling towers.

Energy consumption for the refrigeration machines might mar-
ginally increase, because the condensing temperature of the refrig-
erant and the resultant energy usage is largely (but not solely) a
function of the leaving condenser water temperature. Increases in
chiller energy consumption may be partly or fully offset by reduced
pumping energy. Furthermore, large chiller plants designed to max-
imize chilled- and condenser-water temperature differentials (lower
flow and smaller piping) can offer substantial savings in piping sys-
tem installation cost.
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8. VERTICAL TRANSPORTATION

The HVAC designer’s main involvement with elevators in a tall
building is to provide cooling in the elevator machine room to
ensure reliable operation. Many codes now require that this machine
room be conditioned by a separate HVAC system that is indepen-
dent of other building systems. This section addresses the possible
code requirement of elevator shaft and machine room ventilation to
atmosphere.

Elevator Machine Room Cooling

The elevator machine room’s cooling loads consist not only of the
electric motor that drives the hoisting mechanism but also of exten-
sive heat-generating electronic elevator controls. The electronic
components that are part of the system require that the elevator
machine room be maintained at a temperature between 27 and 16°C.
This can be accomplished by means of a packaged DX condenser
water-cooled unit in the elevator machine room; however, because of
possible significant operational availability restrictions on the use of
water in the machine room, the HVAC designer should review this
alternative with the building developer and possibly code officials.
Using a packaged DX condenser water unit may be necessary for a
low- or mid-rise elevator bank with its machine room in the middle
of the building, without easy access to outdoor air unless the remain-
der of the floor is used as a mechanical equipment room. At the top
of the building, the cooling equipment can be air cooled.

The ultimate size of DX units is determined by information pro-
vided by the elevator manufacturer. The elevator consultant can pro-
vide the necessary general information to allow the design to
proceed through bidding. The amount of cooling for this equipment
can be significant: as much as 35 to 52 kW for a single elevator
equipment room.

Elevator Hoistway and Machine Room Venting

All elevators installed in the United States must conform to
ASME Standard A17.1, as modified by local authority and applica-
ble building code. One requirement of many codes is to include a
vent opening at the top of each elevator shaft that is 3.5% of the plan
area of the hoistway or 0.27 m?2 per elevator, whichever is greater.
The purpose of this requirement is to allow venting of smoke during
a building fire. To accomplish this, a duct must be provided from the
vent to atmosphere. This is simple at the top of the building, but for
low- and mid-rise elevators, where the elevator equipment room is
not located in a mechanical room with perimeter access, extending
the connecting duct to atmosphere may be difficult.

Under many codes, including the model International Building
Code® (IBC [ICC 2015]), for a building that is fully sprinklered, the
need for the vent and its extension to atmosphere may be waived for
passenger elevators, except for buildings where there is overnight
sleeping (e.g., hotels, residences). The vent is typically still required
for a dedicated service elevator car.

In addition, under the IBC, the vent may be closed under normal
building operating conditions by including an automatic damper in
the atmospheric vent or, under some code jurisdictions, by installing
a piece of glass that will break in a fire. This damper must open on
detection of smoke by any of the elevator lobby smoke detectors.
Dampers have a distinct advantage in that they are manually and
remotely resettable.

Where elevator speeds are greater than 7 m/s, vents at the bottom
of the shafts may be required by code to allow rapid escape of air
when the high-speed car is descending.

Elevator Shaft Pressurization

In super- and megatall buildings, express (or shuttle) elevators
are provided to quickly carry occupants to upper-level occupancies,
typically in hotels or residential uses. These elevators are commonly
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used as evacuation elevators in emergency situations. To maintain
the safety of these elevators for this use, the elevator shaft(s) should
be pressurized to keep the shaft and cars free of smoke. Refer to the
section on Smoke Management for more details.

Air-Conditioning Equipment Delivery by
Freight Elevators

If part of the chilled-water or boiler plant is located in the top
zone of the supertall buildings, the freight elevator should have suf-
ficient capacity and cab size to deliver and transfer all major equip-
ment from the ground level to the area where the upper plant is
located, to aid in maintenance of the equipment located there.

9. LIFE SAFETY IN TALL BUILDINGS

Life safety challenges for tall buildings are similar to those of
shorter high-rise buildings. It is impractical to rely on stairs as the
means of egress to grade. Elevators should play a major role in safe
evacuation of occupants and response of emergency forces. Areas or
floors of refuge are needed to provide staging points for occupants
evacuating and emergency forces responding. Codes have devel-
oped means to confront this challenge. The following provides a
brief review of those life safety measures.

Codes and Standards

In the United States, the International Building Code® (IBC) is
the predominant building code; in Canada, it is the National Build-
ing Code of Canada (NRC 2010). The National Fire Protection
Association’s (NFPA) Standard 5000 generally incorporates NFPA
Standard 101. These codes do not define a “tall building,” but have
additional requirements for a high-rise building greater than or
equal to 128 m in height.

Components of Life Safety Systems for Tall Buildings

Tall buildings share many of the code requirements of other high-
rise buildings. The IBC (ICC 2018) defines a high-rise building as
“a building with an occupied floor located more than 22 860 mm
above the lowest level of fire department vehicle access.” Additional
requirements are imposed for buildings 36.6 and 128 m above
grade. No specific definition of “tall building” is contained in the
codes.

Key fire safety provisions for tall buildings should include the
following:

* Smoke detection for elevator lobbies, elevator machine rooms,
and HVAC systems

* Complete automatic sprinkler protection

Fire standpipe system

» Smoke management system for enclosed exits, stairs, elevators,

and areas or floors of refuge

Emergency power for life safety systems

Fire department or first-responder elevator

* Redundant exit stair or elevator emergency evacuation provisions

* Area or floor of refuge

« Fire command center

Detection

Automatic smoke detection should be provided in elevator lob-
bies, elevator machine rooms, mechanical and electrical equipment
rooms, and any other spaces not provided with automatic sprinklers.
The detection system should be connected to the automatic fire
alarm system. Duct smoke detectors should be provided in the main
return air and exhaust air plenum of each air-conditioning system
with a capacity greater than 0.94 m3/s. Duct smoke detectors are
also needed at each connection to a vertical duct or riser serving two
or more floors from a return air duct or plenum.
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The smoke detection system should be designed in accordance
with NFPA Standard 72.

Residential buildings should have smoke alarms in each room
used for sleeping purposes and on the ceiling or wall outside of each
separate sleeping area. The smoke alarms should be interconnected
so that activation of any smoke alarm in the dwelling unit activates
all of the smoke alarms in that unit. This does not require activating
smoke alarms in other apartments in the building.

Automatic Sprinkler Protection

Complete automatic sprinkler protection should be provided in
accordance with NFPA Standard 13.

Standpipe System

Standpipe systems should be provided in accordance with NFPA
Standard 14.

Smoke Management

The essential features of smoke management design are de-
scribed in Chapter 54. Additional information is contained in NFPA
Standard 92A.

The IBC requires exit stairs to be smoke protected. One way to
achieve this is with a smokeproof tower of pressurized stairs. To
enhance egress for buildings 128 m high or more, the codes require
either an additional exit stairway beyond those required by the typ-
ical exit calculations, or pressurization of the elevator shafts. To pre-
vent smoke spread through the elevator without elevator shaft
pressurization, elevator vestibules with a minimum 1 h fire resis-
tance rating are required.

Codes also require an elevator for use by emergency responders,
with access from a vestibule directly connected to an egress stair.

Elevators to be used for occupants in an emergency require spe-
cial protection, including pressurized elevator shafts, an emergency
voice/alarm communication system, elevator lobbies with direct
access to a exit enclosure, and a means to protect the elevator from
automatic sprinkler system water infiltrating the hoistway enclosure.
Automatic sprinklers are prohibited from the elevator machine room,
and shunt trips for elevators shutdown should not be provided.

Emergency Power

All life safety systems are required to have standby power
designed and installed in accordance with NFPA Standards 110 and
111, as appropriate.

Fire Command Center

A fire command center is required in a protected location at or
near grade to monitor all fire safety and emergency systems. It
should also have controls for the smoke management system and
emergency power system.
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SSEMBLY rooms are generally large, have relatively high ceil-

ings, and are few in number for any given facility. They usually

have a periodically high density of occupancy per unit floor area, as

compared to other buildings, and thus have a relatively low design
sensible heat ratio.

This chapter summarizes some of the design concerns for en-
closed assembly buildings. (Chapter 3, which covers general criteria
for commercial and public buildings, also includes information that
applies to public assembly buildings.)

1. GENERAL CRITERIA

Energy conservation codes and standards must be considered
because they have a major impact on design and performance.

Assembly buildings may have relatively few hours of use per
week and may not be in full use when maximum outdoor tempera-
tures or solar loading occur. Often they are fully occupied for as little
as 1 to 2 h, and the load may be materially reduced by precooling.
The designer needs to obtain as much information as possible about
the anticipated hours of use, particularly times of full seating, so that
simultaneous loads may be considered to optimize performance and
operating economy. Dehumidification requirements (full and part
load) should be considered before determining equipment size. The
intermittent or infrequent nature of the cooling loads may allow
these buildings to benefit from thermal storage systems.

Occupants usually generate the major room cooling and ventila-
tion load. The number of occupants is best determined from the seat
count, but when this is not available, it can be estimated at 0.7 to
0.9 m?2 per person for the entire seating area, including exit aisles but
not the stage, performance areas, or entrance lobbies.

Safety and Security

Assembly buildings may need new safety and security consider-
ations regarding extraordinary incidents. Designers should follow
the recommendations outlined in Chapter 61.

Outdoor Air

Outdoor air ventilation rates as prescribed by ASHRAE Standard
62.1 can be a major portion of the total load. The latent load (dehu-
midification and humidification) and energy used to maintain
relative humidity within prescribed limits are also concerns. Humid-
ity must be maintained at proper levels to prevent mold and mildew
growth and for acceptable indoor air quality and comfort.

Lighting Loads

Lighting loads are one of the few major loads that vary from one
type of assembly building to another. Levels can vary from 1600 lux
in convention halls where television cameras are expected to be

The preparation of this chapter is assigned to TC 9.8, Large Building Air-
Conditioning Applications.
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used, to virtually nothing, as in a movie theater. In many assembly
buildings, lights are controlled by dimmers or other means to present
a suitably low level of light during performances, with much higher
lighting levels during cleanup, when the house is nearly empty. The
designer should ascertain the light levels associated with maximum
occupancies, not only for economy but also to determine the proper
room sensible heat ratio.

Indoor Air Conditions

Indoor air temperature and humidity should follow ASHRAE
comfort recommendations in Chapter 9 of the 2017 ASHRAE Hand-
book—Fundamentals and ASHRAE Standard 55. In addition, the
following should be considered:

« Inarenas, stadiums, gymnasiums, and movie theaters, people gen-
erally dress informally. Summer indoor conditions may favor the
warmer end of the thermal comfort scale, and the winter indoor
temperature may favor the cooler end.

* In churches, concert halls, and theaters, most men wear jackets and
ties and women often wear suits. The temperature should favor the
middle range of design, and there should be little summer-to-winter
variation.

* In convention and exhibition centers, the public is continually
walking. The indoor temperature should favor the lower range of
comfort conditions both in summer and in winter.

« In spaces with a high population density or with a sensible heat
factor of 0.75 or less, reheat should be considered.

» Energy conservation codes must be considered in both the design
and during operation.

Assembly areas generally require some reheat to maintain the rel-
ative humidity at a suitably low level during periods of maximum
occupancy. Refrigerant hot gas or condenser water is well suited for
this purpose. Face-and-bypass control of low-temperature cooling
coils is also effective. In colder climates, it may also be desirable to
provide humidification. High rates of internal gain may make evap-
orative humidification attractive during economizer cooling.

Filtration

Most places of assembly are minimally filtered with filters rated
at 30 to 35% efficiency, as tested in accordance with ASHRAE
Standard 52.1. Where smoking is permitted, however, filters with a
minimum rating of 80% are required to remove tobacco smoke effec-
tively. Filters with 80% or higher efficiency are also recommended
for facilities having particularly expensive interior decor. Because of
the few operating hours of these facilities, the added expense of
higher-efficiency filters can be justified by their longer life. Low-
efficiency prefilters are generally used with high-efficiency filters to
extend their useful life. Consider using ionization and chemically
reactive filters where high concentrations of smoke or odors are
present.
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Noise and Vibration Control

The desired noise criteria (NC) vary with the type and quality of
the facility. The need for noise control may be minimal in a gymna-
sium, but it is important in a concert hall. Multipurpose facilities
require noise control evaluation over the entire spectrum of use.

In most cases, sound and vibration control is required for both
equipment and duct systems, as well as in diffuser and grille selec-
tion. When designing a performance theater or concert hall, consult
an experienced acoustics engineer because the quantity and quality
or characteristic of the noise is very important.

Transmission of vibration and noise can be decreased by
mounting pipes, ducts, and equipment on a separate structure inde-
pendent of the music hall. If the mechanical equipment space is
close to the music hall, the entire mechanical equipment room may
need to be floated on isolators, including the floor slab, structural
floor members, and other structural elements such as supporting
pipes or similar materials that can carry vibrations. Properly
designed inertia pads are often used under each piece of equipment.
The equipment is then mounted on vibration isolators.

Manufacturers of vibration isolating equipment have devised
methods to float large rooms and entire buildings on isolators.
Where subway and street noise may be carried into the structure of
amusic hall, it is necessary to float the entire music hall on isolators.
If the music hall is isolated from outdoor noise and vibration, it also
must be isolated from mechanical equipment and other internal
noise and vibrations.

External noise from mechanical equipment such as cooling
towers should not enter the building. Avoid designs that allow
noises to enter the space through air intakes or reliefs and carelessly
designed duct systems.

For more details on noise and vibration control, see Chapter 48 of
this volume and Chapter 49 in the 2017 ASHRAE Handbook—Fun-
damentals.

Ancillary Facilities

Ancillary facilities are generally a part of any assembly building;
almost all have some office space. Convention centers and many
auditoriums, arenas, and stadiums have restaurants and cocktail
lounges. Churches may have apartments for clergy or a school.
Many facilities have parking structures. These varied ancillary facil-
ities are discussed in other chapters of this volume. However, for
reasonable operating economy, these facilities should be served by
separate systems when their hours of use differ from those of the
main assembly areas.

Air Conditioning

Because of their characteristic large size and need for considerable
ventilation air, assembly buildings are frequently served by single-
zone or variable-volume systems providing 100% outdoor air.
Separate air-handling units usually serve each zone, although multi-
zone, dual-duct, or reheat types can also be applied with lower
operating efficiency. In larger facilities, separate zones are generally
provided for entrance lobbies and arterial corridors that surround the
seating space. Low-intensity radiant heating is often an efficient alter-
native. In some assembly rooms, folding or rolling partitions divide
the space for different functions, so a separate zone of control for each
resultant space is best. In extremely large facilities, several air-
handling systems may serve a single space, because of the limits of
equipment size and also for energy and demand considerations.

Peak Load Reduction

There are several techniques currently in use to help address peak
loads. Thermal storage is discussed in Chapter 51 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment. Another
popular technique, precooling, can be managed by the building
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operator. Precooling the building mass several degrees below the
desired indoor temperature several hours before it is occupied
allows it to absorb a part of the peak heat load. This cooling reduces
the equipment size needed to meet short-term loads. The effect can
be used if cooling time of at least 1 h is available prior to occupancy,
and then only when the period of peak load is relatively short (2 h or
less).

The designer must advise the owner that the space temperature
will be cold to most people as occupancy begins, but will warm up
as the performance progresses; this should be understood by all con-
cerned before proceeding with precooling. Precooling works best
when the space is used only occasionally during the hotter part of
the day and when provision of full capacity for an occasional pur-
pose is not economically justifiable.

Stratification

Because most assembly buildings have relatively high ceilings,
some heat may be allowed to stratify above the occupied zone,
thereby reducing load on the equipment. Heat from lights can be
stratified, except for the radiant portion (about 50% for fluorescent
and 65% for incandescent or mercury-vapor fixtures). Similarly,
only the radiant effect of the upper wall and roof load (about 33%)
reaches the occupied space. Stratification only occurs when air is
admitted and returned at a sufficiently low elevation so that it does
not mix with the upper air. Conversely, stratification may increase
heating loads during periods of minimal occupancy in winter. In
these cases, ceiling fans, air-handling systems, or high/low air
distribution may be desirable to reduce stratification. Balconies
may also be affected by stratification and should be well venti-
lated.

Air Distribution

In assembly buildings with seating, people generally remain in
one place throughout a performance, so they cannot move away
from drafts. Therefore, good air distribution is essential. Airflow
modeling software could prove helpful in predicting potential prob-
lem areas.

Heating is seldom a major problem, except at entrances or during
warm-up before occupancy. Generally, the seating area is isolated
from the exterior by lobbies, corridors, and other ancillary spaces.
For cooling, air can be supplied from the overhead space, where it
mixes with heat from the lights and occupants. Return air openings
can also aid air distribution. Air returns located below seating or at
alow level around the seating can effectively distribute air with min-
imum drafts; however, register velocities over 1.4 m/s may cause
objectionable drafts and noise.

Because of the configuration of these spaces, supply jet nozzles
with long throws of 15 to 45 m may need to be installed on side-
walls. For ceiling distribution, downward throw is not critical if
returns are low. This approach has been successful in applications
that are not particularly noise-sensitive, but the designer needs to
select air distribution nozzles carefully.

The air-conditioning systems must be quiet. This is difficult to
achieve if supply air is expected to travel 9 m or more from sidewall
outlets to condition the center of the seating area. Because most
houses of worship, theaters, and halls are large, high air discharge
velocities from the wall outlets are required. These high velocities can
produce objectionable noise levels for people sitting near the outlets.
This can be avoided if the return air system does some of the work.
The supply air must be discharged from the air outlet (preferably at
the ceiling) at the highest velocity consistent with an acceptable noise
level. Although this velocity does not allow the conditioned air to
reach all seats, the return air registers, which are located near seats
not reached by the conditioned air, pull the air to cool or heat the
audience, as required. In this way, supply air blankets the seating area
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and is pulled down uniformly by return air registers under or beside
the seats.

A certain amount of exhaust air should be taken from the ceiling
of the seating area, preferably over the balcony (if there is one) to
prevent pockets of hot air, which can produce a radiant effect and
cause discomfort, as well as increase the cost of air conditioning.
Where the ceiling is close to the audience (e.g., below balconies and
mezzanines), specially designed plaques or air-distributing ceilings
should be provided to absorb noise.

Regular ceiling diffusers placed more than 9 m apart normally
give acceptable results if the diffusers are carefully selected. Because
large air quantities are generally involved and because the building is
large, fairly large capacity diffusers are frequently selected, but these
tend to be noisy. Linear diffusers are more acceptable architecturally
and perform well if selected properly. Integral dampers in diffusers
should not be used as the only means of balancing because they gen-
erate intolerable amounts of noise, particularly in larger diffusers.

Mechanical Equipment Rooms

The location of mechanical and electrical equipment rooms
affects the degree of sound attenuation treatment required. Those
located near the seating area are more critical because of the normal
attenuation of sound through space. Those near the stage area are
critical because the stage is designed to project sound to the audi-
ence. If possible, mechanical equipment rooms should be in an area
separated from the main seating or stage area by buffers such as lob-
bies or service areas. The economies of the structure, attenuation,
equipment logistics, and site must be considered in selecting loca-
tions for mechanical equipment rooms.

At least one mechanical equipment room is placed near the roof to
house the toilet exhaust, general exhaust, cooling tower, kitchen, and
emergency stage exhaust fans, if any. Individual roof-mounted
exhaust fans may be used, thus eliminating the need for a mechanical
equipment room. However, to reduce sound problems, mechanical
equipment should not be located on the roof over the music hall or
stage but rather over offices, storerooms, or auxiliary areas.

2. HOUSES OF WORSHIP

Houses of worship seldom have full or near-full occupancy
more than once a week, but they have considerable use for smaller
functions (meetings, weddings, funerals, christenings, or daycare)
throughout the rest of the week. It is important to determine how
and when the building will be used. When thermal storage is used,
longer operation of equipment before occupancy may be required
because of the structure’s high thermal mass. Seating capacity is
usually well defined. Some houses of worship have a movable par-
tition to form a single large auditorium for special holiday services.
It is important to know how often this maximum use is expected.

Houses of worship test a designer’s ingenuity in locating equip-
ment and air diffusion devices in architecturally acceptable places.
Because occupants are often seated, drafts and cold floors should be
avoided. Many houses of worship have high, vaulted ceilings, which
create thermal stratification. Where stained glass is used, a shade
coefficient equal to solar glass (SC = 0.70) is assumed.

Houses of worship may also have auxiliary rooms that should
be air conditioned. To ensure privacy, sound transmission between
adjacent areas should be considered in the air distribution scheme.
Diversity in the total air-conditioning load requirements should be
evaluated to take full advantage of the characteristics of each area.

Itis desirable to provide some degree of individual control for the
platform, sacristy, and bema or choir area.

3. AUDITORIUMS

The types of auditoriums considered are movie theaters, play-
houses, and concert halls. Auditoriums in schools and the large

auditoriums in some convention centers may follow the same prin-
ciples, with varying degrees of complexity.

Movie Theaters

Movie theaters are the simplest of the auditorium structures dis-
cussed here. They run continuously for periods of 8 h or more and,
thus, are not a good choice for precooling techniques, except for the
first matinée peak. They operate frequently at low occupancy levels,
and low-load performance must be considered. Additionally, they
tend to have lower sensible heat factors; special care must be taken
to ensure proper relative humidity levels can be maintained without
overcooling the space.

Motion picture studios often require that movie theaters meet spe-
cific noise criteria. Consequently, sound systems and noise control
are as critical in these applications as they are in other kinds of the-
aters. The lobby and exit passageways in a motion picture theater are
seldom densely occupied, although some light to moderate
congestion can be expected for short times in the lobby area. A rea-
sonable design for the lobby space is one person per 1.8 to 2.8 m2,

Lights are usually dimmed when the house is occupied; full
lighting intensity is used only during cleaning. A reasonable value
for lamps above the seating area during a performance is 5 to 10%
of the installed wattage. Designated smoking areas should be
handled with separate exhaust or air-handling systems to avoid con-
tamination of the entire facility.

Projection Booths. The projection booth represents a larger
challenge in movie theater design. For large theaters using high-
intensity lamps, projection room design must follow applicable
building codes. If no building code applies, the projection
equipment manufacturer usually has specific requirements. The
projection room may be air conditioned, but it is normally exhausted
or operated at negative pressure. Exhaust is normally taken through
the housing of the projectors. Additional exhaust is required for the
projectionist’s sanitary facilities. Other heat sources include sound
and dimming equipment, which require a continuously controlled
environment and necessitate a separate system.

Smaller theaters have fewer requirements for projection booths.
It is a good idea to condition the projection room with filtered
supply air to avoid soiling lenses. In addition to the projector light,
heat sources in the projection room include the sound equipment, as
well as the dimming equipment.

Performance Theaters

Performance theaters differ from motion picture theaters in the
following ways:

* Performances are seldom continuous. Where more than one per-
formance occurs in a day, performances are usually separated by
2 to 4 h. Accordingly, precooling techniques are applicable, par-
ticularly for afternoon performances.

 Performance theaters generally play to a full or near-full house.

 Performance theaters usually have intermissions, and the lobby
areas are used for drinking and socializing. The intermissions are
usually relatively short, seldom exceeding 15 to 20 min; however,
the load may be as dense as one person per 0.5 m?.

» Because sound amplification is less used than in motion picture

theaters, background noise control is more important.

Stage lighting contributes considerably to the total cooling load in

performance theaters. Lighting loads can vary from performance

to performance.

Stages. The stage presents the most complex problem. It consists
of the following loads:

* A heavy, mobile lighting load

* Intricate or delicate stage scenery, which varies from scene to
scene and presents difficult air distribution requirements

* Actors, who may perform tasks that require exertion



Approximately 40 to 60% of the lighting load can be eliminated
by exhausting air around the lights. This procedure works for lights
around the proscenium. However, it is more difficult to place
exhaust air ducts directly above lights over the stage because of the
scenery and light drops. Careful coordination is required to achieve
an effective and flexible layout.

Conditioned air should be introduced from the low side and back
stages and returned or exhausted around the lights. Some exhaust air
must be taken from the top of the tower directly over the stage con-
taining lights and equipment (i.e., the fly). Air distribution design is
further complicated because pieces of scenery may consist of light
materials that flutter in the slightest air current. Even the vertical
stack effect created by the heat from lights may cause this motion.
Therefore, low air velocities are essential and air must be distributed
over a wide area with numerous supply and return registers.

With multiple scenery changes, low supply or return registers
from the floor of the stage are almost impossible to provide. How-
ever, some return air at the footlights and for the prompter should be
considered. Air conditioning should also be provided for the stage
manager and control board areas.

In many theaters with overhead flies, the stage curtain billows when
it is down. This is primarily caused by the stack effect created by the
height of the main stage tower, heat from lights, and the temperature
difference between the stage and seating areas. Proper air distribution
and balancing can minimize this phenomenon. Bypass damper
arrangements with suitable fire protection devices may be feasible.

In cold climates, loading docks adjacent to stages should be
heated. Doors to these areas may be open for long periods (e.g.,
while scenery is being loaded or unloaded for a performance).

On the stage, local code requirements must be followed for
emergency exhaust ductwork or skylight (or blow-out hatch)
requirements. These openings are often sizable and should be incor-
porated in the early design concepts.

Concert Halls

Concert halls and music halls are similar to performance the-
aters. They normally have a full stage, complete with fly gallery, and
dressing areas for performers. Generally, the only differences be-
tween the two are in size and decor, with the concert hall usually
being larger and more elaborately decorated.

Air-conditioning design must consider that the concert hall is
used frequently for special charity and civic events, which may be
preceded or followed by parties (and may include dancing) in the
lobby area. Concert halls often have cocktail lounge areas that
become very crowded, possibly with heavy smoking during
intermissions. These areas should be equipped with flexible
exhaust-recirculation systems. Concert halls may also have full
restaurant facilities.

As in theaters, noise control is important. Design must avoid
characterized or narrow-band noises in the level of audibility. Much
of this noise is structure-borne, resulting from inadequate equip-
ment and piping vibration isolation. An experienced acoustical
engineer is essential for help in the design of these applications.

4. ARENAS AND STADIUMS

Functions at arenas and stadiums may be quite varied, so the air-
conditioning loads will vary. Arenas and stadiums are not only used
for sporting events such as basketball, ice hockey, boxing, and track
meets but may also house circuses; rodeos; convocations; social af-
fairs; meetings; rock concerts; car, cycle, and truck events; and
special exhibitions such as home, industrial, animal, or sports shows.
For multipurpose operations, the designer must provide highly flex-
ible systems. High-volume ventilation may be satisfactory in many
instances, depending on load characteristics and outdoor air
conditions.
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Load Characteristics

Depending on the range of use, the load may vary from a very
low sensible heat ratio for events such as boxing to a relatively high
sensible heat ratio for industrial exhibitions. Multispeed fans often
improve performance at these two extremes and can aid in sound
control for special events such as concerts or convocations. When
using multispeed fans, the designer should consider the perfor-
mance of the air distribution devices and cooling coils when the fan
is operating at lower speeds.

Because total comfort cannot be ensured in an all-purpose
facility, the designer must determine the level of discomfort that can
be tolerated, or at least the type of performances for which the facil-
ity is primarily intended.

As with other assembly buildings, seating and lighting combina-
tions are the most important load considerations. Boxing events, for
example, may have the most seating, because the boxing ring area is
very small. For the same reason, however, the area that needs to be
intensely illuminated is also small. Thus, boxing matches may rep-
resent the largest latent load situation. Other events that present
large latent loads are rock concerts and large-scale dinner dances,
although the audience at a rock concert is generally less concerned
with thermal comfort. Ventilation is also essential in removing
smoke or fumes at car, cycle, and truck events. Circuses, basketball,
and hockey have a much larger arena area and less seating. The sen-
sible load from lighting the arena area improves the sensible heat
ratio. The large expanse of ice in hockey games considerably re-
duces both latent and sensible loads. High latent loads caused by
occupancy or ventilation can create severe problems in ice arenas
such as condensation on interior surfaces and fog. Special attention
should be paid to the ventilation system, air distribution, humidity
control, and construction materials. See Chapter 44 of the 2018
ASHRAE Handbook—Refrigeration for more details on ice rinks.

Enclosed Stadiums

An enclosed stadium may have either a retractable or a fixed
roof. When the roof is closed, ventilation is needed, so ductwork
must be run in the permanent sections of the stadium. The large air
volumes and long air throws required make proper air distribution
difficult to achieve; thus, the distribution system must be very flex-
ible and adjustable.

Some open stadiums have radiant heating coils in the floor slabs
of'the seating areas. Gas-fired or electric high- or low-intensity radi-
ant heating located above the occupants is also used.

Open racetrack stadiums may present a ventilation problem if the
grandstand is enclosed. The grandstand area may have multiple lev-
els and be in the range of 400 m long and 60 m deep. The interior
(ancillary) areas must be ventilated to control odors from toilet
facilities, concessions, and the high population density. General
practice provides about four air changes per hour for the stand
seating area and exhausts air through the rear of the service areas.
More efficient ventilation systems may be selected if architectural
considerations allow. Window fogging is a winter concern with
glass-enclosed grandstands. This can be minimized by double glaz-
ing, humidity control, moving dry air across the glass, or a radiant
heating system for perimeter glass areas.

Air-supported structures require continuous fan operation to
maintain a properly inflated condition. The possibility of
condensation on the underside of the air bubble should be consid-
ered. The U-factor of the roof should be sufficient to prevent
condensation at the lowest expected ambient temperature. Heating
and air-conditioning functions can be either incorporated into the
inflating system or furnished separately. Solar and radiation control
is also possible through the structure’s skin. Applications, though
increasing rapidly, still require working closely with the enclosure
manufacturer to achieve proper and integrated results.
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Ancillary Spaces

The concourse areas of arenas and stadiums are heavily popu-
lated during entrance, exit, and intermission periods. Considerable
odor is generated in these areas by food, drink, and smoke, requiring
considerable ventilation. If energy conservation is an important
factor, consider using carbon filters and controllable recirculation
rates. Concourse area air systems should be evaluated for their flex-
ibility in returning or exhausting air, and the economics of this type
of flexibility should be evaluated with regard to the associated prob-
lem of air balance and freeze-up in cold climates.

Ticket offices, restaurants, and similar facilities are often expected
to be open during hours that the main arena is closed; therefore, sep-
arate systems should be considered for these areas.

Locker rooms require little treatment other than excellent ven-
tilation, usually not less than 10 to 15 L/s per square metre. To
reduce the outdoor air load, excess air from the main arena or sta-
dium may be transferred into the locker rooms. However, reheat
or recooling by water or primary air should be considered to
maintain the locker room temperature. To maintain proper air bal-
ance under all conditions, locker rooms should have separate
supply and exhaust systems.

Ice Rinks

See Chapter 44 of the 2018 ASHRAE Handbook—Refrigeration
for ice sheet design information. When an ice rink is designed into
the facility, the concerns of groundwater conditions, site drainage,
structural foundations, insulation, and waterproofing become even
more important, with the potential of freezing soil or fill under the
floor and subsequent expansion. The rink floor may have to be strong
enough to support heavy trucks. The floor insulation also must be
strong enough to take this load. Ice-melting pits of sufficient size
with steam pipes may have to be furnished. If the arena is to be air
conditioned, consider combining the air-conditioning system with
the ice rink system, although the designer should be aware that both
systems operate at vastly different temperatures and have consider-
ably different operation profiles. The radiant effects of the ice on the
people and of heat from the roof and lights on the ice must be con-
sidered in the system’s design and operation. Low air velocities at the
ice sheet level help minimize the refrigeration load. Conversely, high
air velocities cause the ice to melt or sublimate.

Fog forms when moisture-laden air cools below its dew point.
This is most likely to occur close to the ice surface within the boarded
area (playing area). Fog can be controlled by reducing the indoor
dew point with a dehumidification system or high-latent-capacity
air-conditioning system and by delivering appropriate air velocities
to bring the air in contact with the ice. Air-conditioning systems have
had limited success in reducing the dew-point temperature suffi-
ciently to prevent fog. The section on Ice Rink Dehumidifiers in
Chapter 25 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment has more information on fog control.

The type of lighting used over ice rinks must be carefully con-
sidered when using precooling before hockey games and between
periods. Main lights should be able to be turned off, if feasible.
Incandescent lights require no warm-up time and are more applica-
ble than types requiring warm-up. Low-emissivity ceilings with
reflective characteristics successfully reduce condensation on roof
structures; they also reduce lighting and, consequently, the cooling
requirements.

Gymnasiums

Smaller gymnasiums, such as those in schools, are miniature ver-
sions of arenas and often have multipurpose features. For further
information, see Chapter 8.

Many school gymnasiums are not air conditioned. Low-intensity
perimeter radiant heaters with central ventilation supplying four to

six air changes per hour are effective and energy efficient. Unit
heaters on the ceiling are also effective. Ventilation must be pro-
vided because of high activity levels and resulting odors.

Most gymnasiums are located in schools. However, public and
private organizations and health centers may also have gymnasiums.
During the day, gymnasiums are usually used for physical activities,
but in the evening and on weekends, they may be used for sports
events, social affairs, or meetings. Thus, their activities fall within
the scope of those of a civic center. More gymnasiums are being
considered for air conditioning to make them more suitable for civic
center activities. Design criteria are similar to arenas and civic cen-
ters when used for such activities. However, for schooltime use,
space temperatures are often kept between 18 and 20°C during the
heating season. Occupancy and the degree of activity during day-
time use do not usually require high quantities of outdoor air, but if
used for other functions, system flexibility is required.

5. CONVENTION AND EXHIBITION CENTERS

Convention and exhibition centers schedule diverse functions
similar to those at arenas and stadiums and present a unique chal-
lenge to the designer. The center generally is a high-bay, long-span
space, and can change weekly, for example, from an enormous com-
puter room into a gigantic kitchen, large machine shop, department
store, automobile showroom, or miniature zoo. They can also be the
site of gala banquets or used as major convention meeting rooms.

Income earned by these facilities is directly affected by the time
it takes to change from one activity to the next, so highly flexible
utility distribution and air-conditioning equipment are needed.

Ancillary facilities include restaurants, bars, concession stands,
parking garages, offices, television broadcasting rooms, and
multiple meeting rooms varying in capacity from small (10 to 20
people) to large (hundreds or thousands of people). Often, an appro-
priately sized full-scale auditorium or arena is also incorporated.

By their nature, these facilities are much too large and diverse in
their use to be served by a single air-handling system. Multiple air
handlers with several chillers can be economical.

Load Characteristics

The main exhibition room is subject to a variety of loads, de-
pending on the type of activity in progress. Industrial shows
provide the highest sensible loads, which may have a connected
capacity of 215 W/m? along with one person per 3.7 to 4.6 m2.
Loads of this magnitude are seldom considered because large
power-consuming equipment is rarely in continuous operation at
full load. An adequate design accommodates (in addition to
lighting load) about 108 W/m? and one person per 3.7 to 4.6 m? as
a maximum continuous load.

Alternative loads of very different character may be encoun-
tered. When the main hall is used as a meeting room, the load will
be much more latent. Thus, multispeed fans or variable-volume
systems may provide a better balance of load during these high-
latent, low-sensible periods of use. Accurate occupancy and usage
information is critical in any plan to design and operate such a
facility efficiently and effectively.

System Applicability

The main exhibition hall is normally handled by one or more all-
air systems. This equipment should be able to operate on all outdoor
air, because during set-up, the hall may contain highway-size trucks
bringing in or removing exhibit materials. There are also occasions
when the space is used for equipment that produces an unusual
amount of fumes or odors, such as restaurant or printing industry dis-
plays. It is helpful to build some flues into the structure to duct fumes
directly to the outdoors. Perimeter radiant ceiling heaters have been
successfully applied to exhibition halls with large expanses of glass.



Smaller meeting rooms are best conditioned either with
individual room air handlers, or with variable-volume central sys-
tems, because these rooms have high individual peak loads but are
not used frequently. Constant-volume systems of the dual- or single-
duct reheat type waste considerable energy when serving empty
rooms, unless special design features are incorporated.

Offices and restaurants often operate for many more hours than the
meeting areas or exhibition areas and should be served separately.
Storage areas can generally be conditioned by exhausting excess air
from the main exhibit hall through these spaces.

6. FAIRS AND OTHER TEMPORARY EXHIBITS

Occasionally, large-scale exhibits are constructed to stimulate
business, present new ideas, and provide cultural exchanges. Fairs
of this type take years to construct, are open from several months to
several years, and are sometimes designed considering future use of
some buildings. Fairs, carnivals, or exhibits, which may consist of
prefabricated shelters and tents that are moved from place to place
and remain in a given location for only a few days or weeks, are not
covered here because they seldom require the involvement of archi-
tects and engineers.

Design Concepts

One consultant or agency should be responsible for setting
uniform utility service regulations and practices to ensure proper
organization and operation of all exhibits. Exhibits that are open
only during spring or fall months require a much smaller heating or
cooling plant than those open during peak summer or winter
months. This information is required in the earliest planning stages
so that system and space requirements can be properly analyzed.

Occupancy

Fair buildings have heavy occupancy during visiting hours, but
patrons seldom stay in any one building for a long period. The
length of time that patrons stay in a building determines the air-
conditioning design. The shorter the anticipated stay, the greater the
leeway in designing for less-than-optimum comfort, equipment, and
duct layout. Also, whether patrons wear coats and jackets while in
the building influences operating design conditions.

Equipment and Maintenance

Heating and cooling equipment used solely for maintaining com-
fort and not for exhibit purposes may be secondhand, if available
and of the proper capacity. Another possibility is to rent the air-
conditioning equipment to reduce the capital investment and
eliminate disposal problems when the fair is over.

Depending on the size of the fair, length of operation time, types
of exhibitors, and fair sponsors’ policies, it may be desirable to com-
pare using a centralized heating and cooling plant versus individual
plants for each exhibit. The proportionate cost of a central plant to
each exhibitor, including utility and maintenance costs, may be con-
siderably less than having to furnish space and plant utility and
maintenance costs. The larger the fair, the more savings may result.
It may be practical to make the plant a showcase, suitable for exhibit
and possibly added revenue. A central plant may also form the
nucleus for commercial or industrial development of the area after
the fair is over.

If exhibitors furnish their own air-conditioning plants, it is
advisable to analyze shortcuts that may be taken to reduce equip-
ment space and maintenance aids. For a 6-month to 2-year
maximum operating period, for example, tube pull or equipment
removal space is not needed or may be drastically reduced. Higher
fan and pump motor power and smaller equipment are permissible
to save on initial costs. Ductwork and piping costs should be kept
as low as possible because these are usually the most difficult
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items to salvage; cheaper materials may be substituted wherever
possible. The job must be thoroughly analyzed to eliminate all
unnecessary items and reduce all others to bare essentials.

The central plant may be designed for short-term use as well.
However, if it is to be used after the fair closes, the central plant
should be designed in accordance with the best practice for long-life
plants. It is difficult to determine how much of the piping distribu-
tion system can be used effectively for permanent installations. For
that reason, initial piping design should be simple, preferably in a
grid, loop, or modular layout, so that future additions can be made
easily and economically.

Air Cleanliness

The efficiency of filters needed for each exhibit is determined by
the nature of the area served. Because the life of an exhibit is very
short, it is desirable to furnish the least expensive filtering system. If
possible, one set of filters should be selected to last for the life of the
exhibit. In general, filtering efficiencies do not have to exceed 30%
(see ASHRAE Standard 52.1).

System Applicability

If a central air-conditioning plant is not built, equipment in-
stalled in each building should be the least costly to install and
operate for the life of the exhibit. These units and systems should
be designed and installed to occupy the minimum usable space.

Whenever feasible, heating and cooling should be performed
by one medium, preferably air, to avoid running a separate piping
and radiation system for heating and a duct system for cooling. Air
curtains used on an extensive scale may, on analysis, simplify
building structure and lower total costs.

Another possibility when both heating and cooling are required
is a heat pump system, which may be less costly than separate
heating and cooling plants. Economical operation may be
possible, depending on building characteristics, lighting load, and
occupant load. If well or other water is available, it may allow a
more economical installation than an air-source heat pump.

7. ATRIUMS

Atriums have diverse functions and occupancies. An atrium
may (1) connect buildings; (2) serve as an architectural feature,
leisure space, greenhouse, and/or smoke reservoir; and (3) afford
energy and lighting conservation. The temperature, humidity, and
hours of usage of an atrium are directly related to those of the adja-
cent buildings. Glass window walls and skylights are common.
Atriums are generally large in volume with relatively small floor
areas. The temperature and humidity conditions, air distribution,
impact from adjacent buildings, and fenestration loads to the space
must be considered in the design of an atrium.

Perimeter radiant heating (e.g., overhead, wall finned-tube,
floor, or combinations thereof) is commonly used for expansive
glass windows and skylights. Air-conditioning systems can heat,
cool, and control smoke. Distribution of air across windows and
skylights can also control heat transfer and condensation. Low
supply and high return air distribution can control heat stratifica-
tion, as well as wind and stack effects. Some atrium designs
include a combination of high/low supply and high/low return air
distribution to control heat transfer, condensation, stratification,
and wind/stack effects.

The energy use of an atrium can be reduced by installing double-
and triple-panel glass and mullions with thermal breaks, as well as
shading devices such as external, internal, and interior screens,
shades, and louvers.

Extensive landscaping is common in atriums. Humidity levels
are generally maintained between 10 and 35%. Hot and cold air
should not be distributed directly onto plants and trees.
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NDOOR pools are challenging facilities to get right. When de-

signing a structure to enclose a swimming pool, it is necessary to
completely understand what is happening inside the structure to
properly control the indoor atmosphere for occupancy comfort,
occupancy health, and structure preservation. A holistic, integrated
approach to design is needed to ensure a successful outcome.

This chapter addresses the needs of both the architectural design
team and the mechanical HVAC design team. Architectural aspects
are included because the building envelope must be designed to be
suitable for this high-dew-point application. Some aspects of the
envelope design must be approached in a certain way because the
mechanical system cannot solve the problems they cause.

Many owners, designers, and facility operators are under the mis-
conception that a properly designed HVAC system can clean the air
when chloramine odors become an issue and can make condensation
issues go away. This is not the case. If chemicals are offgassing, the
source of the problem (water chemistry) must be addressed. If the
building envelope is not designed correctly and appropriately for this
application, there will be condensation and building degradation
issues. The HVAC system can influence these issues either posi-
tively or negatively, but will not resolve the issues.

The HVAC system and the water treatment system are critical to
the success of the facility. These systems must all work together to
provide the best indoor air and water quality in the facility. If one of
these systems is compromised in any way, the other system will be
affected and cannot correct the issue caused by the shortcomings of
the other system.

The owner and design team must put occupant health and safety
first, and this requires budgeting for a suitable building HVAC
system and water treatment system. Compromises directly affect as-
pects of the facility. Bad air quality, condensation, and building
degradation negatively affect the facility’s economic viability by in-
creasing operating and maintenance costs while possibly reducing
patron memberships. Although most mechanical systems can be ap-
plied in any geographic location, some systems or combination of
technology may work better than others.

For both engineers and architects, the key to understanding in-
door pools is understanding that this is a high-dew-point application.
The elevated dew point affects every aspect of this facility. This
chapter reviews the implications of this higher dew point, how to cal-
culate loads, and best practices for best possible occupant comfort
and satisfaction.

1. DESIGN COMPONENTS

Environmental Control

Like most indoor spaces, a natatorium requires year-round hu-
midity levels between 40 and 60% for comfort, reasonable energy
consumption, and building envelope protection. However, space
temperatures are generally 5 to 8 K warmer in a natatorium than in
atraditional space, and this drives up the dew point. To minimize op-
erating costs, it is recommended the humidity levels be allowed to go
to the high end in summer, only trying to keep humidity levels lower

The preparation of this chapter is assigned to TC 9.8 Large Building Air-
Conditioning Applications.
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in winter. The designer must address humidity control, room pres-
sure control, ventilation requirements for air quality (outdoor and
exhaust air), air distribution, duct design, pool water chemistry, and
evaporation rates. A humidity control system alone will not provide
satisfactory results if any of these items are overlooked. (See Chap-
ter 25 of the 2016 ASHRAE Handbook—HVAC Systems and Equip-
ment for dehumidifier application and design information.)

Air Quality Control

Many critical items affect a natatorium’s indoor air quality (IAQ).
The design team must work with all trades associated with the pool
to ensure a complete system design is in place for the best possible
air quality. Chloramine reduction and control are critical aspects;
source capture exhaust, secondary disinfection, UV, and other tech-
nology to reduce or remove chloramines are at least as important as
the HVAC aspects of the design. The HVAC system must effectively
get air where it is needed. A stratified room or areas that do not get
air turnover will suffer.

Humidity Control

When wet, people become more sensitive to relative humidity
and experience an evaporative cooling effect on the skin surface.
Fluctuations in relative humidity outside the 50 to 60% range are not
recommended. Sustained levels above 60% can promote factors that
reduce indoor air quality. Relative humidity levels below 50% sig-
nificantly increase the facility’s energy consumption. For swimmers,
50 to 60% rh limits evaporation and corresponding heat loss from the
body and is comfortable without being extreme. Higher relative
humidity levels can be destructive to building components. Mold
and mildew can attack wall, floor, and ceiling coverings, and con-
densation can degrade many building materials. In the worst case,
the roof structure could fail because of corrosion from water con-
densing on the structure

There are three approaches to humidity control for indoor pools:
compressorized, chilled-water coil and ventilation. All are viable
options, but must be fully evaluated to understand what they will
provide for year-round control. Geography and patron expectations
will factor significantly in on whether or not a ventilation only
approach might be considered. Ventilation supplemented with a
compressor or chilled water coil are also sometimes considered. See
Chapter 25 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment for details on the compressorized dehumidifiers avail-
able.

Temperature Control

The relation between temperature and humidity determines evap-
oration from the pool water surface and the space’s condensation
dew point. To minimize evaporation and operating costs, the air tem-
perature should be kept as warm as is practical, ideally at or above
the water temperature, with a maximum of 30°C db, which is gener-
ally understood to the maximum for human comfort. All surfaces in
the space must be maintained above the space dew point to prevent
condensation from developing that could damage the building and
allow growth of mold and fungi.


http://www.ashrae.org/advertising/handbook-advertising/applications/indoor-swimming-pools

Vapor Migration

A pool’s indoor design dew point typically ranges from 16 to
20°C for ambient conditions of 28 to 29°C and 50 to 60% rh. In
comparison, a typical space in winter might be 21°C at 40% rh with
a 7°C dew point.

In summer, the 16 to 20°C space dew point is not a condensation
concern. The vapor pressure outdoors might be a little higher than it
is indoors, but if the vapor migrates through the building envelope,
it is too warm for condensation to occur.

The serious concern is in winter, when the indoor vapor pressure
is significantly higher than it is outdoors and there is a push from
indoors to outdoors to try to equalize pressure. If the vapor is
allowed to migrate through the wall, it will encounter a temperature
at or below dew point. Condensation or freezing will result, and the
structure’s integrity will be negatively affected.

Building Pressurization

The balance between ventilation air and exhaust air must be con-
trolled at all times. A pool room space must always be maintained
with a negative pressure to prevent moisture and odors from migrat-
ing to other parts of the building. A positively pressurized indoor
pool can accelerate building damage by pushing the high-moisture-
content air into the building envelope. Note that a significant nega-
tive space pressure will not reduce or affect vapor migration to the
outdoors in winter.

Ventilation Air

Ventilation air should be calculated as the minimum amount rec-
ommended in the current ASHRAE Standard 62.1. The effect of
exceeding these amounts must be reviewed to compensate for any
additional moisture being introduced to the space and any effects on
increased evaporation, human comfort, and space operating costs.
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Exhaust Air

Exhaust air must always be in amounts greater than the ventila-
tion air to maintain negative pressure, but the amount by which
exhaust must exceed ventilation depends on building tightness.
Strategic exhaust has a positive influence on IAQ. Low exhaust air
at or near the surface of the pool water surface should also be eval-
uated to assist in evacuating any chloramines from the space. This
exhaust air is rich in energy, and heat recovery is highly recom-
mended to help reduce operating costs.

Location of Mechanical Equipment

The location of mechanical and electrical equipment rooms
affects the degree of sound attenuation treatment required.

2. DESIGN ISSUES

Condensation (water vapor changing from gaseous to liquid
state) is the major issue for indoor swimming pools. Both visible
and concealed condensation must be prevented. To understand how
this happens, a basic familiarity with psychometrics is necessary.
The following five terms are commonly encountered when dealing
with a psychometric chart (Figure 1):

* Dry bulb (db) temperature is the sensible temperature of the air
(i.e., what can be read from a common thermometer).

* Wet-bulb (wb) temperature is taken by surrounding the sensor
with a wet wick and measuring the temperature as the water evap-
orates from the wick. As the water evaporates from the wick, it
draws heat required for evaporation from the thermometer bulb,
cooling the thermometer in proportion to the amount of evapora-
tion.

* Dew-point (dp) temperature is the temperature at which mois-

ture condenses and forms visible water. The colder the air, the less
moisture it can hold.
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* Relative humidity (rh) expresses the moisture content of air as a
percentage of saturation.

* Specific humidity is the mass of the moisture in the air compared
to the mass of air.

A complete understanding of dew point is important. Figure 2
shows three stages of moisture condensation from the air:

« InFigure 2A, the surface of the glass is clear. This means the glass
temperature is above the dew-point temperature.

« In Figure 2B, water is starting to form on the surface of the glass,
so the glass temperature is at the dew point.

« In Figure 2C, the glass surface is below the dew point and con-
densate has formed on the surface.

Without proper understanding and control of dew point and con-
densation, moisture can form on the indoor and outdoor surfaces of
the structure. Figure 3 shows examples of moisture formation and
the results.

In a typical indoor pool, indoor temperature ranges from 25.6 to
30°C db. Figure 4 shows three plotted curves with values derived
from the psychometric chart. This graph allows plotting the dew-
point temperature at indoor temperatures of 28°C db, 29°C db, and

30°C db and relative humidity values from 30 to 60%. An example
is shown at 29°C db and 50% rh, showing that the dew point is 18°C.

This example shows that all surfaces inside the pool room must
be kept above the dew-point temperature of 18°C to prevent visible
condensation. Common design practice adds 3 K to this temperature
as a safety factor.

The architect’s responsibility is to design wall and ceiling com-
ponents with this surface temperature in mind, to assist the HVAC
design engineer in preventing moisture from forming inside the
structure.

Equation (1) calculates the surface temperature of a structural
component:

T =T; = [K(URXT; - T,)] (M

where
T, = surface temperature
T; = indoor space temperature
K = indoor air film coefficient; 0.68 for vertical surface, 0.95 for
horizontal roof or skylight, 0.76 for 45° roof or skylight
R = total R-value of structural component
T, = outdoor temperature

Fig. 2 Stages of Moisture Condensation on Glass
(Courtesy Desert-Aire Corp)

Fig.3 Structural Damage Caused by Condensation
(Courtesy Desert-Aire Corp)



24 T
o :
u 2 cane
4 —18°C LI LLS 4
5 ‘Q " » L.
'<_( 18 y 4 - “:- = -
& 86°F IR ovisde 40
E 15: B &'-i’
= -t .,," .
w e N
~ 13 PR
= L rLIas o
z PO PR — 82°F —50%
S 10 e i
o -
g 7
a

4

30 40 50 60

RELATIVE HUMIDITY, %

Fig. 4 Condensation Dew Point Chart

Fig. 5 Condensation on Windows: Glass Surface Is below
Space Dew Point

To apply Equation (1) to a window, the published window U-
factor (see Chapter 15 of the 2017 ASHRAE Handbook—Funda-
mentals) must be converted to the required R-value; for example,

R=1U=1/0.4=25

In this example, the indoor temperature is 29°C db and the out-
door temperature is —18°C db. This gives a 16.2°C surface tem-
perature on the window. If the indoor space is at 50% rh, the dew
point would be 17.8°C, which would lead to condensation on the
glass surface unless the window glass is heated above the dew

point (Figure 5).

Figure 6 plots three indoor conditions and several window U-
values at different outdoor temperatures: —4°C, —18°C, and —
32°C. The left vertical axis shows the relative humidity at which
condensation will occur: whenever the indoor relative humidity
exceeds these values at the given outdoor condition, condensation
will form on the window surface unless the window surface is
warmed above the indoor dew point.

Note that, as outdoor conditions get colder, the surface tem-
perature of the glass drops dramatically and eventually attempts
to eliminate condensation by reducing the space dew point are not
realistic.

Outdoor Air

Outdoor air ventilation rates (as prescribed by ASHRAE Stan-
dard 62.1) can be a major portion of the total load. The latent load
(dehumidification and humidification) and energy used to main-
tain relative humidity within prescribed limits are also concerns.
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Humidity must be maintained at proper levels to prevent mold and
mildew growth and for acceptable indoor air quality and comfort.

Load Estimation

Loads for a natatorium include heat gains and losses from out-
door air, lighting, walls, roof, and glass. Internal latent loads are
generally from people and evaporation. Evaporation loads in
pools and spas are significant relative to other load elements and
may vary widely depending on pool features, areas of water and
wet deck, water temperature, and activity level in the pool.

Evaporation. The rate of evaporation can be estimated from
empirical Equation (2). This equation is valid for pools at normal
activity levels, allowing for splashing and a limited area of wetted
deck. Other pool uses may have more or less evaporation (Smith
et al. 1993).
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Table1 Typical Activity Factors for Various Pool
Feature Types

Type of Pool Typical Activity Factor (F,)
Baseline (pool unoccupied) 0.5

Residential pool 0.5
Condominium 0.65

Therapy 0.65

Hotel 0.8

Public, schools 1.0

Whirlpools, spas 1.0

Wavepools, water slides 1.5 (minimum)

A
W, = ¥ ®,, —p(0.089 +0.0782V) 2)
where
w,, = evaporation of water, kg/s

A = area of pool surface, m?
Y = latent heat required to change water to vapor at surface water
temperature, kJ/kg
p,, = saturation vapor pressure taken at surface water temperature, kPa
P, = saturation pressure at room air dew point, kPa
V = air velocity over water surface, m/s

Units for the constant 0.089 are W/(m?2-Pa). Units for the con-
stant 0.0782 are (W-s)/(m3-Pa).

Equation (2) may be modified by multiplying it by an activity
factor F, to alter the estimate of evaporation rate based on the level
of activity supported. For Y values of about 2400 kJ/kg and V' values
ranging from 0.05 to 0.15 m/s, Equation (2) can be reduced to

w, =4 % 1074(p,, ~ po)F, 3)

Table 1 lists activity factors that should be applied to the areas of
specific features, and not to the entire wetted area.

The effectiveness of controlling the natatorium environment
depends on correct estimation of water evaporation rates. Applying
the correct activity factors is extremely important in determining
water evaporation rates. The difference in peak evaporation rates
between private pools and active public pools of comparable size
may be more than 100%.

Actual operating temperatures and relative humidity conditions
should be established before design. How the area will be used usu-
ally dictates design (Table 2).

Air temperatures in public and institutional pools are recom-
mended to be maintained 1 to 2 K above the water temperature (but
not above the comfort threshold of 30°C) for energy conservation
through reduced evaporation and to avoid chill effects on swimmers.

Competition pools that host swim meets have two distinct oper-
ating profiles: (1) swim meets and (2) normal occupancy. It is rec-
ommended that both be fully modeled to evaluate the facility’s
needs. Although swim meets tend to be infrequent, the loads during
meets are often considerably higher than during normal operations.
To model the swim meet load accurately, it is recommended that the
designer know the number of spectators, number of swimmers on
the deck, and operating conditions required during the meets. The
operator may request a peak relative humidity of 55%, which has a
significant effect on total loads. A system designed for swim meet
loads should also be designed to operate for considerable portions of
the year at part loads. Depending on the layout of the space and loca-
tion of the spectator gallery, it might be beneficial to provide a sep-
arate microclimate to that area, with a separate dedicated unit.

Water parks and water feature (slides, spray cannons, arches,
etc.) loads are not fully covered by this chapter. Use caution when
evaluating the evaporation from water features/toys installed in

Table 2 Typical Natatorium Design Conditions

Air Water Relative
Type of Pool Temperature, °C Temperature, °C Humidity, %
Recreational 24 t0 29 241029 50 to 60
Therapeutic 27to0 29 29to 35 50 to 60
Competition 26 to 29 24 to 28 50 to 60
Diving 271029 27to0 32 50 to 60
Elderly swimmers 29 to 32 29 to 32 50 to 60
Hotel 28 t0 29 28 to 30 50 to 60
‘Whirlpool/spa 27t0 29 36 to 40 50 to 60

natatoriums. Applying higher activity factors when evaluating the
evaporation rates at water parks and water features/toys is only one
component of accounting for this evaporation. Currently the design
professional must rely on experience and professional judgment
when calculating the evaporation in water parks and from the water
features/toys.

It is recommended that the dehumidification load generated by
each water feature be calculated individually. The water toys’ man-
ufacturers should be contacted to provide specifications related to
the pattern and size of the sheet of water that is generated by each
water feature/toy to allow for proper load determination. The wet
area created by the water toy/feature must be included as wet deck
when calculating the ventilation air required for the space as well as
the wetted surface for the evaporation load. Because of the concen-
trated nature of the loads in these facilities, it is recommended that
more supply air and outdoor air be used in these facilities compared
to what is recommended for traditional pools.

Ventilation Requirements

Air Quality. Outdoor air ventilation rates prescribed by ASH-
RAE Standard 62.1 are intended to provide acceptable air quality
conditions for the average pool (where chlorine is used for primary
disinfection). The ventilation requirement may be excessive for pri-
vate pools and installations with low use, and may also prove inad-
equate for high-occupancy public or water park installations.

Air quality problems in pools and spas are often caused by water
quality problems, so simply increasing ventilation rates may prove
both expensive and ineffective. Water quality conditions are a direct
function of pool use and the type and effectiveness of water disin-
fection used.

It is reccommended that the ASHRAE climate data included with
Chapter 14 of the 2017 ASHRAE Handbook—Fundamentals (full
data are in the CD and Handbook Online versions of the chapter) be
used when calculating the effects of ventilation air on the natato-
rium’s latent load, as mentioned in ASHRAE Standard 62.1.

Because indoor pools usually have high ceilings, temperature
stratification and stack effect (see Chapter 16 of the 2017 ASHRAE
Handbook—Fundamentals) can have a detrimental effect on indoor
air quality. Careful duct layout is necessary to ensure that the space
receives proper air changes and homogeneous air quality through-
out. Some air movement at the deck and pool water level is essential
to ensure acceptable air quality. Complaints from swimmers indi-
cate that the greatest chloramine (see the section on Pool Water
Chemistry) concentrations occur at the water surface. Children are
especially vulnerable to the ill effects of chloramine inhalation.

Pool and spa areas should be maintained at a negative pressure of
15to 40 Parelative to the outdoors and adjacent areas of the building
to prevent moisture and chloramine odor migration. Active methods
of pressure control may prove more effective than static balancing
and may be necessary where outdoor air is used as a part of an active
humidity control strategy. Openings from the pool to other areas
should be minimized and controlled. Passageways should be



equipped with doors with automatic closers and sweeps to inhibit
migration of moisture and air.

Exhaust air from pools is rich in moisture and may contain high
levels of corrosive chloramine compounds. Exhaust air intake grilles
should be located as close as possible to the warmest body of water
in the facility. Warmer and more agitated waters offgas chemicals at
higher rates compared to traditional pools. This also allows body oils
to become airborne. Ideally, these pollutants should be removed from
close to the source before they have a chance to diffuse and nega-
tively affect air quality. Installations with intakes directly above
whirlpools have resulted in the best air quality.

Air Delivery Rates. Most codes require a minimum of six air
changes per hour, except where mechanical cooling is used. This
rate may prove inadequate for some occupancy and use.

Where mechanical dehumidification is provided, air delivery
rates should be established to maintain appropriate conditions of
temperature and humidity. The following rates are typically desired:

Pools areas
Spectator areas
Therapeutic pools

4 to 6 air changes per hour
6 to 8 air changes per hour
4 to 6 air changes per hour

Outdoor air delivery rates may be constant or variable,
depending on design. Minimum rates, however, must adequately
dilute contaminants generated by pool water and must maintain
acceptable ventilation for occupancy.

Where a minimum outdoor air ventilation rate is established to
protect against condensation in a building’s structural elements, the
rates are typically used for 100% outdoor air systems. These rates
usually result in excessive humidity levels under most operating
conditions and are generally not adequate to produce acceptable in-
door air quality, especially in public facilities subject to heavy use.
In colder/drier climates, greater amounts of outdoor air may de-
crease humidity levels below the recommended 40 to 60% range.
This increases evaporation, adds to costs for makeup water and
chemicals, and may make it difficult to maintain the proper water
chemistry.

Air Distribution Effectiveness and Duct Design

Proper duct design and installation in a natatorium is critical.
Failure to effectively deliver air where needed will result in air
quality problems, condensation, stratification, and poor equipment
performance. Ductwork that fails to deliver airflow into the breath-
ing zone at the pool deck level and water surface, for example, will
lead to air quality problems in those areas. The following duct con-
struction practices apply to indoor pools:

« Deliver air into the breathing zone at the deck. ASHRAE Stan-
dard 62.1 defines the breathing zone as the area between 75 and
1800 mm from the floor level. The best quality air in the facility
is what is delivered from the supply duct. That air must get to
where the patrons are to ensure they are breathing the best possi-
ble quality air.

* Supply air should be directed against envelope surfaces prone to
condensation (glass and doors). Air movement over the pool water
surface must not exceed 15 m/s (as per the evaporation rate w, in
Equation [2]). If air movement over the water surface is increased
from the standard 0.15 m/s to 0.6 m/s, the evaporation will increase
by approximately 30%. Air that moves across the water surface is
best handled by a source-capture-type exhaust system. Evapora-
tion from the water surface should be evaluated using Equation (2).

¢ Return air inlets should be located to recover warm, humid air and
return it to the ventilation system for treatment, to prevent supply
air from short-circuiting and to minimize recirculation of
chloramines. It is recommended that return air inlets be located
both high and low. This helps prevent air stratification and ensure
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that incoming ventilation air reaches the breathing zone, as rec-
ommended in ASHRAE Standard 62.1.

» Exhaust air inlets should be located to maximize capture effec-
tiveness and minimize recirculation of chloramines. Exhausting
from directly above whirlpools is also desirable. Exhaust air
should be taken directly to the outdoors, through heat recovery
devices when provided.

 Duct materials and hardware must be resistant to chemical corro-
sion from the pool atmosphere. Stainless steels, even the 316 series,
are readily attacked by chlorides and are prone to pitting. They
require treatment to adequately perform in a natatorium environ-
ment. Galvanized steel and aluminum sheet metal may be used for
exposed duct systems. If galvanized duct is used, steps should be
taken to adequately protect the metal from corrosion. It is recom-
mended that, at a minimum, the galvanized ducts be properly pre-
pared and painted with epoxy-based or other durable paint suitable
to protect metal surfaces in a pool environment. Note that galvan-
nealed ductwork is easier to weld and paint than hot-dip galva-
nized, but galvannealed is more susceptible to corrosion if left
bare. Certain types of fabric duct (airtight) with appropriate grilles
sewn in are also a good choice. Buried ductwork should be con-
structed from nonmetallic fiberglass-reinforced or PVC materials
because of the more demanding environment. Proper means of
water drainage in the duct must be considered when ductwork is
buried.

* Grilles, registers, and diffusers should be constructed from
aluminum. They should be selected for low static pressure loss
and for appropriate throws for proper air distribution.

« Filtration should be selected to provide 45 to 65% efficiencies (as
defined in ASHRAE Standard 52.1) and be installed in locations
selected to prevent condensation in the filter bank. Filter media
and support materials should be resistant to moisture degradation.

* Fiberglass duct liner should not be used. Where condensation
may occur, the insulation must be applied to the duct exterior.

 Air systems should be designed for noise levels listed in Table 1
of Chapter 48 (NC 45 to 50); however the room wall, floor, and
ceiling surfaces should be evaluated for their reverberation times
and speech intelligibility.

Envelope Design

An indoor pool is a special-application structure and requires
care to ensure the entire structure is suitable for a high-dew-point
application. There must be

» Enough insulation that no exterior wall or roof surface ever falls
below the space dew-point temperature in cold weather.
Effective vapor migration protections to ensure moisture from the
space is prevented from migrating into any build sections (walls,
roofs, joints where they meet). A vapor retarder analysis (as in
Figure 10 in Chapter 27 of the 2017 ASHRAE Handbook—Fun-
damentals) should be prepared. Failure to install an effective
vapor retarder results in condensation forming in the structure,
and potentially serious envelope damage.

* Complete elimination of thermal bridging. Window and door

frames must be thermally broken.

Figure 7 shows where the vapor retarder should be located in
a wall for an indoor pool application. The vapor retarder must be
on the warm side of the dew point. The entire pool enclosure
(walls and ceilings) must have a vapor retarder in the correct loca-
tion. Where walls join the roof or floor meet, it is especially vital
to ensure there is no breach in the vapor barrier.

A properly located and installed vapor retarder is the only way
to protect a structure from vapor migration and the ensuing mois-
ture damage.

Condensation forms on exterior windows when the outdoor
temperature drops below the pool room’s dew point (typically
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between 16 and 22°C). The design goal is to keep the surface tem-
perature of the glass and the window frames at least 2 to 3 K
above the pool room’s dew point. Windows must allow unob-
structed air movement on indoor surfaces, and thermal break
frames should be used to raise the window’s indoor temperature.
Avoid recessed windows and protruding window frames. Sky-
lights are especially vulnerable and require attention to control
condensation. Wall and roof vapor retarder designs should be
carefully reviewed, especially at wall-to-wall and wall-to-roof
junctures and at window, door, skylight, and duct penetrations.

Condensation Control

Exterior windows and doors are primary condensation con-
cerns, so it is extremely important that supply air is focused there.
Warm air from the dehumidifier keeps the window surface tem-
perature above the dew-point temperature, which ensures that
windows and exterior doors remain condensation free.

Exterior windows, exterior surfaces, and other condensation-
prone areas should be blanketed with supply air (Figure 8). A good
rule of thumb is 15 to 28 L/s per square metre of exterior glass.
Select grilles, registers, and diffusers that deliver the required throw
distance, and the specified volumetric flow rating.

Pool Water Chemistry

Failure to maintain proper chemistry in the pool water causes
serious air quality problems and deterioration of mechanical
systems and building components. Water treatment equipment
and chemicals should be located in a separate, dedicated, well-
ventilated space that is under negative pressure. Pool water treat-
ment consists of primary disinfection, pH control, water filtration
and purging, and water heating. For further information, see Kow-
alsky (1990).

Air quality problems are usually caused by the reaction of chlo-
rine with biological wastes, and particularly with ammonia, which is
a by-product of the breakdown of urine and perspiration. Chlorine
reacts with these wastes, creating chloramines (monochloramine,
dichloramine, and nitrogen trichloride) that are commonly measured
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Fig. 7 Vapor Retarder Location for Indoor Pool
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as combined chlorine. Adding chemicals to pool water increases
total contaminant levels. In high-occupancy pools, water contami-
nant levels can double in a single day of operation.

Chlorine’s efficiency at reducing ammonia is affected by several
factors, including water temperature, water pH, total chlorine con-
centration, and level of dissolved solids in the water. Because of
their higher operating temperature and higher ratio of occupancy
per unit water volume, spas produce greater quantities of air con-
taminants than pools.

The following measures have demonstrated a potential to reduce
chloramine concentrations in the air and water:

* Ozonation. In low concentrations, ozone can substantially reduce
the concentration of combined chlorine in the water. In high con-
centrations, ozone can replace chlorine as the primary disinfection
process; however, ozone cannot remain at sufficient residual levels
in the water to maintain a latent biocidal effect, so chlorine must be
kept as a residual process at concentrations of 0.5 to 1.5 mg/kg.

* Water exchange rates. High concentrations of dissolved solids
in water directly contribute to high combined chlorine (chlora-
mine) levels. Adequate water exchange rates are necessary to pre-
vent build-up of biological wastes and their oxidized components
in pool and spa water. Conductivity measurement is an effective
method to control the exchange rate of water in pools and spas to
effectively maintain water quality and minimize water use. In
high-occupancy pools, heat recovery may prove useful in
reducing water heating energy requirements.

* Medium-pressure UV. Using medium-pressure UV lamps for
water treatment can reduce the amount of chloramines, and
should be evaluated during design. Medium-pressure UV can
replace chlorine as the primary disinfection process; however, it
does not remain at sufficient residual levels in the water to main-
tain a latent biocidal effect. Consequently, chlorine is required as
a residual process at concentrations of 0.5 to 1.5 mg/kg.

* Swimmer showers. Requiring each swimmer to shower before
entering the water helps reduce the amount of body oils released
into the water, thereby reducing the amount of chloramines gen-
erated.

« Bathroom breaks. Facilities that require all swimmers to exit the
pool every hour and visit the restrooms dramatically reduce the
amount of urine introduced into the pool.
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Fig. 8 Supply Air Blanketing of Condensation-Prone Areas
(Courtesy Seresco Technologies, Inc. 2013)



Energy Considerations

Natatoriums can be a major energy burden on facilities, so they
represent a significant opportunity for energy conservation and
recovery. ASHRAE Standard 90.1 offers some recommendations.
Several design solutions are possible using both dehumidification
and ventilation strategies. When evaluating a system, the seasonal
space conditions and energy consumed by all elements should be
considered, including primary heating and cooling systems, fan
motors, water heaters, and pumps.

Operating conditions factor significantly in the total energy
requirements of a natatorium. Although occupant comfort is a pri-
mary concern, the effects of low space temperatures and relative
humidity levels below 50% (especially in winter) should be dis-
cussed with the owner/operator:

» Lower room air temperature or lower relative humidity increases
evaporation from the pools, thus increasing dehumidification
requirements and increasing pool water heating costs

* Warmer water temperatures increase evaporation from the pools,
thus increasing the dehumidification requirements and increasing
pool water heating costs

It is recommended to model the space on both a summer and
winter design day to establish whether higher summertime indoor
relative humidity level is beneficial to reducing equipment size and
operating costs.

Because these facilities require considerable air movement and
the supply fans operate 24/7/365, fans and equipment that uses less
fan energy lead to considerable energy savings over the equipment
life.

These facilities require outdoor and exhaust air. This gives the
opportunity for energy recovery from the exhaust air to preheat out-
door air. The economics of a heat recovery decision should be
always reviewed, regardless of the facility location: these facilities
have warm indoor conditions and show good paybacks for energy
recovery, even in warmer climates. A detailed evaluation of the heat
exchange process must be done to ensure no condensation develops
in the energy recovery device so, in cold climates, ice does not
develop and damage equipment or develop an imbalance of airflow.

Compressorized systems can optionally heat pool water with
compressor waste heat. The economics of this option should always
be reviewed: the heating contributions can be significant and have a
dramatic return on investment (ROI).

Natatoriums with fixed outdoor air ventilation rates without
dehumidification generally have seasonally fluctuating space tem-
perature and humidity levels. Systems designed to provide mini-
mum ventilation rates without dehumidification are unable to
maintain relative humidity conditions within prescribed limits, and
may facilitate mold and mildew growth and be unable to provide
acceptable IAQ. Peak dehumidification loads vary with activity lev-
els and during the cooling season, when ventilation air becomes an
additional dehumidification load to the space.

Design Checklist

The following items should be addressed when evaluating and
designing a system for an indoor pool climate control system. This
list is a minimum, and additional items can be added by the design
team.
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* With design team and owner/operators, identify (1) indoor space
temperature, (2) water temperature, and (3) design relative hu-
midity levels for both summer and winter.

* Obtain minimum R and U values from architect to determine min-

imum surface temperature for condensation.

Include a proper vapor retarder and install it correctly with no

breaks.

» Determine correct amount of ventilation air required for proper
IAQ and to meet local code requirements.

* Determine correct amount of exhaust air to provide negative

building pressure.

Evaluate whether a source capture exhaust system is needed.

Evaluate outdoor air/exhaust air energy recovery systems.

 Use correct dehumidification weather data to determine moisture
load from the ventilation air.

 Total all moisture/latent loads from (1) people, (2) ventilation air,
and (3) water surface.

* Total all sensible loads from (1) building envelope, (2) people, (3)

ventilation air, (4) lighting, and (5) other sources.

Select equipment to meet both sensible and latent peak loads.

* Design air distribution system to deliver air into the breathing
zone and prevent air stratification and visible condensation.

* Properly commission equipment and building.

Include a quarterly equipment maintenance contract as part of

operating expense.

.
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CHAPTER 7

HOSPITALITY

Load Characteristics ............cceueveeecveeeieeeieeacnnanns

Design Concepts and Criteria....

SYSEEHLS ..o
Hotels and Motels ..

Dormitories ......................

Multiple-Use Complexes .............coeeeeeeeeceeveeeeenen.

OSPITALITY SPACES, including hotels, motels, assisted liv-

ing facilities, and dormitories, may be single-room or multi-
room, long- or short-term dwelling (or residence) units; they may be
stacked sideways and/or vertically. Information in the first three sec-
tions of the chapter is general in nature; the last three sections are
devoted to the individual types of facilities. Environment and cost
considerations require that these type of facilities be energy efficient
and sustainable. This chapter provides advice on practices to achieve
these aims.

1. LOAD CHARACTERISTICS

* Ideally, each room served by an HVAC unit should be able to be
ventilated, cooled, heated, or dehumidified independently of any
other room. If not, air conditioning for each room will be compro-
mised, and personalized comfort will not be possible.

» Spaces are typically not occupied at all times. For adequate flexi-
bility, each unit’s ventilation and cooling should be able to be shut
off (except when humidity control is required), and its heating to
be shut off or turned down. This can be achieved by occupant de-
tection, use of door key fobs, controls connected to reservation
software, or simple-to-use manual controls such as thermostatic
radiator valves (TRVs) on radiators. See Chapter 65 for details on
occupant-centric controls.

» Concentrations of lighting and occupancy are variable, ranging
from low for units unoccupied during the day, to high and contin-
uous for family homes and residential elderly accommodation;
activity is generally sedentary or light.

« Kitchens have the potential for high appliance loads and odor and
steam generation, and have large exhaust requirements, with con-
trol from low to high, to boost air extraction to suit cooking.

* Rooms generally have an exterior exposure, with good daylight
levels and a view to green features; however, kitchens, toilets, and
dressing rooms are normally internal and require extract ventila-
tion. The building as a whole usually has multiple exposures, as
may many individual dwelling units. Design must optimize pas-
sive solar gains while avoiding overheating and glare.

* Toilet, washing, and bathing facilities are almost always incorpo-
rated in the dwelling units, and the modern trend is to provide
bathrooms en suite for every bedroom. Exhaust air should be in-
corporated in each toilet and bathroom area, per ASHRAE Stan-
dards 62.1 and 62.2.

* Hospitality buildings have relatively high hot-water demand; gen-
erally demand is concentrated in one to two hour periods, several
times a day. Demand timing can vary depending on specific
building type, from a fairly moderate and consistent daily load
profile in a senior citizens building to sharp, unusually high peaks
at about 6:00 M in dormitories. Hotel peak demand can also vary
significantly dependent on the client base; for example, hotels

The preparation of this chapter is assigned to TC 9.8, Large Building Air-
Conditioning Applications.
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connected to a convention/conference center typically have peaks
similar to dormitories, while resort hotels have smaller peaks but
more consistent demand for longer periods of time. Chapter 51
includes details on service water heating.

» Load characteristics of rooms, dwelling units, and buildings can
be well defined with little need to anticipate future changes to de-
sign loads, other than adding a service such as cooling that may
not have been incorporated originally.

» The prevalence of shifting, transient interior loads and exterior ex-
posures with glass results in high diversity factors; the long hours
of use result in fairly high load factors.

2. DESIGN CONCEPTS AND CRITERIA

Wide load swings and diversity within and between rooms re-
quire a flexible system design for 24 h comfort. Besides opening
windows, the only way to provide flexible temperature control is
having individual room components under individual room control
that can cool, heat, and ventilate independent of equipment in other
rooms.

In some climates, summer humidity becomes objectionable be-
cause of the low internal sensible loads that result when cooling is
on/off controlled. Modulated cooling and/or reheat may be required
to achieve comfort. Reheat should be avoided unless some sort of
heat recovery is involved.

Dehumidification can be achieved by lowering cooling coil tem-
peratures and reducing airflow or by using desiccant dehumidifiers.

Some people have a noise threshold low enough that certain types
of equipment disturb their sleep. Higher noise levels may be accept-
able in areas where there is little need for air conditioning. Medium-
and higher-quality equipment is available with noise criteria (NC) 35
levels at 3 to 4 m in medium to soft rooms and little sound change
when the compressor cycles.

Perimeter fan coils are usually more quiet than unitary systems,
but unitary systems provide more redundancy in case of failure.

3. SYSTEMS

Energy-Efficient Systems

There is increased impetus to select energy-efficient systems to
limit potential climate impact, conserve fossil fuel reserves, and
avoid fuel poverty. In Europe, the Energy Performance Directive sets
out a strategy for each European country to achieve targets toward
this objective. Other countries have similar schemes. In North
America, ASHRAE Standards 90.1 and 189.1 are setting progres-
sive reductions also aimed zero net energy.

Where natural gas is available, gas-fired condensing boilers are
used, with modulating controls linked to load monitoring such as an
outdoor temperature detector.

Heating and cooling applications generally include water-source
and air-source heat pumps. In areas with ample solar radiation,
water-source heat pumps may be solar assisted, and/or solar thermal
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collectors can be used. Energy-efficient equipment generally has the
lowest operating cost and should be kept simple, an important factor
where skilled operating personnel are unlikely to be available. Most
systems allow individual operation and thermostatic control. The
typical system allows individual metering so that most, if not all, of
the cooling and heating costs can be metered directly to the occu-
pant (McClelland 1983). Existing buildings can be retrofitted with
heat flow meters and timers on fan motors for individual metering,
and there is a drive toward providing better real-time energy use data
to allow occupants to make changes that reduce their costs at judi-
cious times.

The water-loop heat pump has a lower operating cost than air-
cooled unitary equipment and allows a degree of heat recovery
because the condenser water loop acts to balance energy use when
possible. The lower installed cost encourages its use in mid- and
high-rise buildings where individual dwelling units have floor areas
of 75 m? or larger. Some systems incorporate sprinkler piping as the
water loop.

The system has a central plant consisting of circulating pumps,
heat rejection when there is surplus heat capacity in the building,
and supplementary gas-fired boiler heat input when there is an over-
all deficit of heat. The water-loop heat pump is predominantly
decentralized; individual metering allows most of the operating cost
to be paid by the occupant. Its life should be longer than for other
unitary systems because most of the mechanical equipment is in the
building and not exposed to outdoor conditions. Also, load on the
refrigeration circuit is not as severe because water temperature is
controlled for optimum operation. Operating costs are low because
of the system’s inherent energy conservation. Excess heat may be
stored during the day for the following night, and heat may be trans-
ferred from one part of the building to another.

Although heating is required in many areas during cool weather,
cooling could be needed in rooms having high solar loads. This
should be avoided by effective solar shading design. On a mild day,
surplus heat throughout the building is frequently transferred into
the hot-water loop by water-cooled condensers on cooling cycle, so
that water temperature rises. The heat remains stored in the water
and can be extracted at night; a water heater is therefore avoided.
This heat storage is improved by the presence of a greater mass of
water in the pipe loop; some systems include a storage tank for this
reason, or water tank with phase-change material (PCM) thermal
storage. Because the system is designed to operate during the
heating season with water supplied at a temperature as low as 15°C,
the water-loop heat pump lends itself to solar assist; relatively high
solar collector efficiencies result from the low water temperature.

The installed cost of the water-loop heat pump is higher in very
small buildings. In severe cold climates with prolonged heating sea-
sons, even where natural gas or fossil fuels are available at reason-
able cost, the operating cost advantages of this system may diminish
unless heat can be recovered from some another source, such as
solar collectors, geothermal, or internal heat from a commercial
area served by the same system.

Energy-Neutral Systems

To qualify as energy-neutral, a system must have controls that
prevent simultaneous operation of the cooling and heating cycles.
Some examples are (1) packaged terminal air conditioners (PTACs)
(through-the-wall units), (2) window units or radiant ceiling panels
for cooling combined with finned or baseboard radiation for heat-
ing, (3) unitary air conditioners with an integrated heating system,
(4) fan coils with remote condensing units, (5) variable-air-volume
(VAV) systems with either perimeter radiant panel heating or base-
board heating, and (6) variable-refrigerant-flow (VRF) systems. For
unitary equipment, control may be as simple as a heat/cool switch.
For other types, dead-band thermostatic control may be required.
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PTAC: are frequently installed to serve one or two rooms in build-
ings with mostly small, individual units. In a common two-room
arrangement, a supply plenum diverts some of the conditioned air
serving one room into the second, usually smaller, room. Multiple
PTAC units allow additional zoning in dwellings with more rooms.
Additional radiation heat is sometimes needed around the perimeter
in cold climates.

Heat for a PTAC may be supplied either by electric resistance
heaters or by hot-water or steam heating coils. Initial costs are lower
for a decentralized system using electric resistance heat. Operating
costs are lower for coils heated by combustion fuels. Despite its rel-
atively inefficient refrigeration circuits, a PTAC’s operating cost is
quite reasonable, mostly because of individual thermostatic control
over each machine, which eliminates the use of reheat while
preventing the space from being overheated or overcooled. Also, be-
cause equipment is located in the space being served, little power is
devoted to circulating the room air. Servicing is simple: a defective
machine is replaced by a spare chassis and forwarded to a service or-
ganization for repair. Thus, building maintenance can be done by rel-
atively unskilled personnel.

Noise levels are generally no higher than NC 40, but some units
are noisier than others. Installations near a seacoast should be spe-
cially constructed (usually with stainless steel or special coatings) to
avoid accelerated corrosion of aluminum and steel components
caused by salt. In high-rise buildings of more than 12 stories, special
care is required, both in design and construction of outdoor parti-
tions and in installation of air conditioners, to avoid operating prob-
lems associated with leakage (caused by stack effect) around and
through the machines.

Frequently, the least expensive installation is finned or baseboard
radiation for heating and window-type room air conditioners for
cooling. The window units are often purchased individually by the
building occupants. This choice offers a reasonable operating cost
and is relatively simple to maintain. However, window units have
the shortest equipment life, highest operating noise level, and poor-
est distribution of conditioned air of any systems discussed in this
section.

Fan-coils with remote condensing units are used in smaller build-
ings. Fan-coil units are located in closets, and the ductwork distrib-
utes air to the rooms in the dwelling. Condensing units may be
located on roofs, at ground level, or on balconies.

The heat recovery VRF fan-coil system has one of the lowest
operating costs of all dwelling unit temperature control options, but
it typically has a higher initial cost. Special design considerations
must be made for refrigerant management and piping layout, out-
door air design, and serviceability/maintenance.

Low-capacity residential warm-air furnaces may be used for heat-
ing, but with gas- or oil-fired units, combustion products must be
vented. In a one- or two-story structure, it is possible to use individual
chimneys or flue pipes, but a high-rise structure requires a multiple-
vent chimney or a manifold vent. Local codes should be consulted.

Sealed combustion furnaces draw all combustion air from, and
discharge flue products through a windproof vent to, the outdoors.
The unit must be located near an outer wall, and exhaust gases must
be directed away from windows and intakes. In one- or two-story
structures, outdoor units mounted on the roof or on a pad at ground
level may also be used. All of these heating units can be obtained
with cooling coils, either built-in or add-on. Evaporative-type cool-
ing units are popular in motels, low-rise apartments, and residences
in mild climates.

Desiccant dehumidification should be considered when indepen-
dent control of temperature and humidity is required to avoid reheat.

Energy-Inefficient Systems

Energy-inefficient systems allow simultaneous cooling and
heating. Examples include two-, three-, and four-pipe fan coil units,
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terminal reheat systems, and induction systems. Some units, such as
the four-pipe fan coil, can be controlled so that they are energy-
neutral by ensuring that the two circuits do not simultaneously serve
the PTAC. They are primarily used for humidity control.
Four-pipe systems and two-pipe systems with electric heaters can
be designed for complete temperature and humidity flexibility during
summer and intermediate season weather, although neither provides
winter humidity control. Both systems provide full dehumidification
and cooling with chilled water, reserving the other two pipes or an
electric coil for space heating or reheat. The equipment and necessary
controls are expensive, and only the four-pipe system, if equipped with
an internal-source heat-recovery design for the warm coil energy, can
operate at low cost. When year-round comfort is essential, four-pipe
systems or two-pipe systems with electric heat should be considered.

Total Energy Systems

A total energy system is an option for any multiple or large housing
facility with high year-round service water heating requirements.
Total energy systems are a form of cogeneration in which all or most
electrical and thermal energy needs are met by on-site systems, as
described in Chapter 7 of the 2016 ASHRAE Handbook—HYVAC Sys-
tems and Equipment. A detailed load profile must be analyzed to
determine the merits of using a total energy system. The reliability
and safety of the heat-recovery system must also be considered.

Any of the previously described systems can perform the HVAC
function of a total energy system. The major considerations, as they
apply to total energy in choosing an HVAC system, are as follows:

* Optimum use must be made of thermal energy recoverable from
the prime mover during all or most operating modes, not just
during conditions of peak HVAC demand.

» Heat recoverable through the heat pump may become less useful
because the heat required during many of its potential operating
hours will be recovered from the prime mover. The additional
investment for heat pump or heat recovery cycles may be more
difficult to justify because operating savings are lower.

» The best application for recovered waste heat is for those services
that use only heat (i.e., service hot water, laundry facilities, and
space heating).

Special Considerations

Local building codes govern ventilation air quantities for most
buildings. Where they do not, ASHRAE Standards 62.1 and 62.2
should be followed. The quantity of outdoor air introduced into
rooms or corridors is usually slightly in excess of the exhaust quan-
tities to pressurize the building. To avoid adding load to individual
systems, outdoor air should be treated to conform to indoor air tem-
perature and humidity conditions. In humid climates, special atten-
tion must be given to controlling humidity from outdoor air.
Otherwise, the outdoor air may reach corridor temperature while
still retaining a significant amount of moisture.

In buildings having a centrally controlled exhaust and supply, the
system is regulated by a time clock or a central management system
for certain periods of the day. In other cases, the outdoor air may be
reduced or shut off during extremely cold periods, although this prac-
tice is not recommended and may be prohibited by local codes. These
factors should be considered when estimating heating load.

For buildings using exhaust and supply air on a 24 h basis, air-to-
air heat recovery devices may be merited (see Chapter 26 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment). These
devices can reduce energy consumption by capturing 60 to 80% of
the sensible and latent heat extracted from the air source.

Infiltration loads in high-rise buildings without ventilation open-
ings for perimeter units are not controllable year-round by general
building pressurization. When outer walls are pierced to supply out-
door air to unitary or fan-coil equipment, combined wind and

thermal stack-effect forces create equipment operating problems.
These factors must be considered for high-rise buildings (see
Chapter 16 of the 2017 ASHRAE Handbook—Fundamentals).

Interior public corridors should have tempered supply air with
transfer into individual area units, if necessary, to provide kitchen
and toilet makeup air requirements. Transfer louvers need to be
acoustically lined. Corridors, stairwells, and elevators should be
pressurized for fire and smoke control (see Chapter 54).

Kitchen air can be recirculated through hoods with activated
charcoal filters rather than exhausted. Toilet exhaust can be VAV
with a damper operated by the light switch. A controlled source of
supplementary heat in each bathroom is recommended to ensure
comfort while bathing.

Air-conditioning equipment must be isolated to reduce noise
generation or transmission. The cooling tower or condensing unit
must be designed and located to avoid disturbing occupants of the
building or of adjacent buildings.

An important but frequently overlooked load is the heat gain
from piping for hot-water services. Insulation thickness should con-
form to the latest local energy codes and standards (at minimum). In
large, luxury-type buildings, a central energy or building manage-
ment system allows supervision of individual air-conditioning units
for operation and maintenance.

Some facilities conserve energy by reducing indoor tempera-
ture during the heating season. Such a strategy should be pursued
with caution because it could affect occupant comfort, and, conse-
quently, the competitiveness of a hotel/motel. Local building codes
may also govern occupancy control and thermostat setback require-
ments for dwelling units.

4. HOTELS AND MOTELS

Hotel and motel accommodations are usually single guest rooms
with a toilet and bath adjacent to a corridor, flanked on both sides by
other guest rooms. The building may be single-story, low-rise, or high-
rise. Multipurpose subsidiary facilities range from stores and offices to
ballrooms, dining rooms, kitchens, lounges, auditoriums, and meeting
halls. Luxury motels may be built with similar facilities. Occasional
variations are seen, such as the inclusion of kitchenettes, multiroom
suites, and outer doors to patios and balconies. Hotel classes range from
the deluxe hotel to the economy hotel/motel as outlined in Table 1.

A hotel can be divided into three main areas:

1. Guest rooms
2. Public areas
* Lobby, atrium, and lounges
* Ballrooms
* Meeting rooms
* Restaurants and dining rooms
 Stores
* Swimming pools
* Health clubs
* Spas
3. Back-of-the-house (BOTH) areas
* Kitchens
» Storage areas
* Laundry
* Offices
* Service areas and equipment rooms

The two main areas of use are the guest rooms and the public
areas. Maximum comfort in these areas is critical to success of any
hotel. Normally the BOTH spaces are less critical than the
remainder of the hotel with the exception of a few spaces where a
controlled environment is required or recommended.
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Table 1 Hotel Classes

Typical Occupancy,
Type of Facility Persons per Room Characteristics
Deluxe hotel 1.2 Large rooms, suites, specialty restaurants
Luxury/first class, full-service hotel 1.2tol.3 Large rooms, large public areas, business center, pool and health club, several restaurants
Mid-scale, full-service hotel 1.2t01.3 Large public areas, business center, several restaurants
Convention hotel l4to 1.6 Large number of rooms, very large public areas, extensive special areas, rapid shifting of peak loads
Limited-service hotel 1.1 Limited public areas, few restaurants, may have no laundry
Upscale, all-suites hotel 2.0 Rooms are two construction bays, in-room pantries, limited public areas, few restaurants
Economy, all-suites hotel 2.0t02.2 Smaller suites, limited public areas and restaurants
Resort hotel 19t02.4 Extensive public areas, numerous special and sport areas, several restaurants
Conference center 13t01.4 Numerous special meeting spaces, limited dining options
Casino hotel 1.5t0 1.6 Larger rooms, large gaming spaces, extensive entertainment facilities, numerous restaurants
Economy hotel/motel 1.6t0 1.8 No public areas, little or no dining, usually no laundry

Table 2 Hotel Design Criteria®P

Indoor Design Conditions

Winter Summer Filter Noise,
Category Temperature Relative Humidity® TemperatureRelative Humidity =~ Ventilationd Exhaust® Efficiencyf RC Level
Guest rooms 23 to 24°C 30 to 35% 23 to 26°C 50 to 60% varies 10to 25 L/s 6 to 8 MERV 25to0 35

per room per room
Lobbies 20 to 23°C 30 to 35% 23 to 26°C 40 to 60% 5 L/s per person — 8 MERV or better 35 to 45
Conference/ 20 to 23°C 30 to 35% 23 to0 26°C 40 to 60% 3 L/s per person — 8 MERV or better 25 to 35
meeting rooms

Assembly rooms 20 to 23°C 30 to 35% 23 to0 26°C 40 to 60% 3 L/s per person — 8 MERV or better 25 to 35

2 This table should not be the only source for design criteria. Data contained here can be determined

from volumes of the ASHRAE Handbook, standards (e.g., ASHRAE Standard 55), and
governing local codes.

b Design criteria for stores, restaurants, and swimming pools are in Chapters 2, 3, and 6, respectively.

Guest Rooms

Air conditioning in hotel rooms should be quiet, easily adjust-
able, and draft free. It must also provide ample outdoor air. Because
the hotel business is so competitive and space is at a premium, sys-
tems that require little space and have low total owning and
operating costs should be selected.

Design Concepts and Criteria. Table 2 lists design criteria for
hotel guest rooms. In addition, the design criteria for hotel room
HVAC services must consider the following factors:

* Individual and quickly responding temperature control
* Draft-free air distribution

* Toilet room exhaust
 Ventilation (makeup) air supply
* Humidity control

» Acceptable noise level

» Simple controls

* Reliability

 Ease of maintenance

* Operating efficiency

» Use of space

Load Characteristics. The great diversity in the design, pur-
pose, and use of hotels and motels makes analysis and load studies
very important. Load diversification is possible because of tran-
sient occupancy of guest rooms and the diversity associated with
support facility operation.

The envelope cooling and heating load is dominant because the
guest rooms normally have exterior exposures. Other load sources
such as people, lights, appliances, etc. are a relatively small part of
the space sensible and latent loads. The ventilation load can repre-
sent up to 15% of the total cooling load.

Because of the nature of the changing envelope sensible load and
the transient occupancy of the guest room, large fluctuations in the

¢ Minimum recommended humidity.

dPer ASHRAE Standard 62.1-2016.

¢ Air exhaust from bath and toilet area.

fPer ASHRAE Standard 52.2 (MERYV =minimum efficiency reporting values).

space sensible load in a one-day cycle are common. The ventilation
sensible cooling load can vary from 0 to 100% in a single day,
whereas the ventilation latent load can remain almost constant for
the entire day. A low sensible heat ratio is common in moderate to
very humid climates. Usually, the HVAC equipment must only
handle partial or low loads and peak loads rarely occur. For exam-
ple, in humid climates, introducing untreated outdoor air directly
into the guest room or into the return air plenum of the HVAC unit
operating at part or low load creates a severe high-humidity
problem, which is one of the causes of mold and mildew. The situ-
ation is further aggravated when the HVAC unit operates in on/off
cycle during part- or low-load conditions.

Applicable Systems. Most hotels use all-water or unitary
refrigerant-based equipment for guest rooms. All-water systems
include

» Two-pipe fan-coils
» Two-pipe fan-coil with electric heat
* Four-pipe fan-coils

Unitary refrigerant-based systems include

Packaged terminal air conditioner or packaged terminal heat pump
(with electric heat)

* Air-to-air heat pump (ductless, split)

* Water-source heat pump

Variable-refrigerant-flow system (heat recovery)

Except for the two-pipe fan-coil, all these systems cool, heat, or
dehumidify independently of any other room and regardless of the
season. A two-pipe fan-coil system should be selected only when
economics and design objectives dictate that performance must be
compromised. Selection of a particular system should be based on

« First cost
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» Economical operation, especially at part load
* Maintainability

Compared to unitary refrigerant-based units, all-water systems
offer the following advantages:

Reduced total installed cooling capacity due to load diversity
Lower operating cost due to a more efficient central cooling plant
Lower noise level (compared to PTAC and water-source heat pump)
Longer service life

Less equipment to be maintained in the occupied space

Less water in circulation (compared to water-source heat pump)
Smaller pipes and pumps (compared to water-source heat pump)

Unitary refrigerant-based systems offer the following advan-
tages:

Lower first cost (typically)

Immediate, all year availability of heating and cooling

No seasonal changeover required

Cooling available without operating a central refrigeration plant
Can transfer energy from spaces being cooled to spaces being
heated (with water-source heat pump)

Range of circulated water temperature requires no pipe insulation
(for water-source heat pump)

Less dependence on a central plant for heating and cooling
Simplicity, which results in lower operating and maintenance
staff costs

The type of facility, sophistication, and quality desired by the
owner/operator, as well as possible code requirements; typically
influence the selection. An economic analysis (life-cycle cost) is
particularly important when selecting the most cost-effective
system. Chapter 38 has further information on economic analysis
techniques. Computer software like the NIST Building Life-Cycle
Cost Program (BLCC) performs life-cycle cost analyses quickly

and accurately (NIST 2006).

AIR-CONDITIONING UNITS
ABOVE CEILING

SUPPLY AIR GRILLE

Chapters 2, 5, 13 and 49 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment provide additional information about all-
water systems and unitary refrigerant-based systems.

Room fan-coils and room unitary refrigerant-based units are
available in many configurations, including horizontal, vertical, ex-
posed, and concealed. The unit should be located in the guest room
so that it provides excellent air diffusion without creating
unpleasant drafts. Air should not discharge directly over the head of
the bed, to keep cold air away from a sleeping guest. The fan-coil/
heat pump unit is most commonly located

« Above the ceiling in the guest room entry corridor or above the
bathroom ceiling (horizontal air discharge),

* On the room’s perimeter wall (vertical air discharge), or

* In a floor-to-ceiling enclosed chase (horizontal air discharge).

Locating the unit above the entry corridor is preferred because air
can flow directly along the ceiling and the unit is relatively
accessible for maintenance (see Figures 1 and 2).

Most units are designed for free-air discharge. The supply air
grille should be selected according to the manufacturer’s recom-
mendations for noise and air diffusion. Also, airflow should not
interfere with the room drapes or other wall treatment.

Other factors that should be considered include

» Sound levels at all operating modes, particularly with units that
cycle on and off

* Adequately sized return air grille

» Access for maintenance, repair, and filter replacement

Ventilation (makeup) supply and exhaust rates must meet local
code requirements. Ventilation rates vary and the load imposed by
ventilation must be considered.

Providing conditioned ventilation air directly to the guest room is
the preferred approach. Normally, outdoor air is conditioned in a
primary makeup air unit and distributed by a primary air duct to

EXHAUST AIR GRILLE
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Fig. 1 Alternative Location for Hotel Guest Room Air-Conditioning Unit above Hung Ceiling
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every guest room. This approach controls the supply air conditions,
ensures satisfactory room conditions and room air balance (room
pressurization) even during part- or no-load conditions, and controls
mold and mildew.

Other ventilation techniques are to

Transfer conditioned ventilation air from the corridor to each
guest room. This approach controls ventilation air conditions bet-
ter; however, the air balance (makeup versus exhaust) in the guest
room may be compromised. This approach is prohibited under
many code jurisdictions.

* Introduce unconditioned outdoor air directly to the air-conditioning
unit’s return air plenum (perimeter wall installations). This ap-
proach can cause mold and mildew and should be avoided. During
periods of part or low load, which occur during most of the cooling
season, the thermostatically controlled air conditioner does not ad-
equately condition the constant flow of outdoor air because the
cooling coil valve closes and/or the compressor cycles off. As a re-
sult, humidity in the room increases. Also, when the air condi-
tioner’s fan is off, outdoor air infiltrates through the ventilation
opening and again elevates the room’s humidity level.

Guest-room HVAC units are normally controlled by a room ther-
mostat. Thermostats for fan-coils normally control valves in two-
pipe, four-pipe, and two-pipe chilled-water/electric heat systems.
Control should include dead-band operation to separate the heating
and cooling set points. Two-pipe system control valves are normally
equipped with automatic changeover, which senses the water tem-
perature and changes operation from heating to cooling. The ther-
mostat may provide modulation or two-position control of the water
control valve. The fan can be adjusted to high, medium, or low
speed on most units.

Occupancy sensors, or key-card control, of the HVAC units and
partial electrical load are becoming more common, and are required
by many code jurisdictions. Special design considerations should be

evaluated to maintain ventilation rates and prevent high humidity
levels during unoccupied periods.

Typical unitary refrigerant-based units have a push button off/
fan/heat/cool selector switch, adjustable thermostat, and fan cycle
switch. Heat pumps include a defrost cycle to remove ice from the
outdoor coil. Chapter 48 has more information on control for fan
coils.

Public Areas

Public areas are generally the showcase of a hotel. Special atten-
tion must be paid to incorporating a satisfactory system into the inte-
rior design. Locations of supply diffusers, grilles, air outlets, etc.
must be coordinated to satisfy the architect. The HVAC designer
must pay attention to access doors for servicing fire dampers, smoke
dampers, volume dampers, valves, and variable-air-volume (VAV)
terminals.

Design Concepts and Criteria. Design criteria for public areas
are given in Table 2. In addition, the following design criteria must
be considered:

* Year-round availability of heating and cooling
* Independent unit for each main public area
» Economical and satisfactory operation at part- and low-load con-
ditions
» Coordination with adjacent back-of-the-house (BOTH) areas to
ensure proper air pressurization (e.g., restaurants, kitchens)
Load Characteristics. The hours of use vary widely with each
public area. In many cases, the load is from internal sources from
people, lights, and equipment. The main lobby normally is opera-
tional 24 hours per day. Areas like restaurants, meeting rooms, and
retail areas have intermittent use, so the load changes frequently.
HVAC systems that respond effectively and economically must be
selected for these areas.
Applicable Systems. All-air systems, single-duct constant-
volume, and VAV are most frequently used for public areas. Chapter
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Table 3 Design Criteria for Hotel Back-of-the-House Areas?®

Table 4 Design Criteria for Hotel Guest Room DOAS

Indoor Design

Category Conditions Comments
Kitchen, general® 28°C Provide spot cooling
pastry® 24°C
chef’s office® 23 t0 26°C Fully air conditioned
50 to 60% rh (summer)
30 to 35% rh (winter)
Housekeeper’s 23 to 26°C Fully air conditioned
office 50 to 60% rh (summer)
30 to 35% rh (winter)
Electrical Per equipment criteria ~ Stand-alone air conditioner;

equipment room air conditioned all year

Wine storage Per food and beverage

manager criteria

Air conditioned all year

Laundry Spot cooling as required

at workstations

2 Governing local codes must be followed for design of the HVAC.
b Consult Chapter 34 for details on kitchen ventilation.

4 of the 2016 ASHRAE Handbook—HVAC Systems and Equipment
has more information on these systems, and Chapter 48 in this
volume covers control for all-air VAV systems.

Back-of-the-House (BOTH) Areas

The BOTH area normally includes service or support areas. Cli-
matic conditions in these areas are typically less critical than in the
remainder of the hotel. However, a few spaces require special atten-
tion.

Design Concepts and Criteria. Recommended design criteria
for several areas in the BOTH are shown in Table 3.

Special Concerns

Humidity, Mildew, Moisture Control, and IAQ. Humidity
control is critical to ensure satisfactory air quality and to minimize
costly mold and mildew problems in hotels. Moisture can be intro-
duced and infiltrate into the guest rooms in the following ways:

» Unconditioned ventilation air is delivered directly into the guest
room through the HVAC unit. At part or low sensible loads or in
situations where the unit cycles on and off, the air-conditioning
unit will not dehumidify the air adequately to remove the excess
moisture.

* Outdoor humid air infiltrates through openings, cracks, gaps.
shafts, etc. because of insufficient space pressurization.

* Moisture migrates through external walls and building elements
because of a vapor pressure differential.

* An internal latent load or moisture is generated.

Removing water vapor from the air is the most feasible way to
control mold and mildew, particularly when the problem spreads to
walls and carpeting. Good moisture control can be achieved by
applying the following techniques:

* Introduce adequately dried ventilation (makeup) air (i.e., with a
dew point of 11°C [8.2 g/kg of dry air] or less) directly to the guest
room.

* Maintain slightly positive pressure in the guest room to minimize
infiltration of hot and humid air into the room. Before a new
HVAC system is accepted by the owner, a certified air balance con-
tractor should be engaged to demonstrate that the volume of dry
makeup air exceeds the volume of exhaust air. As the building
ages, it is important to maintain this slight positive pressure; oth-
erwise, humid air that infiltrates into the building cavities will be

Supply Air Conditions Filter
- Efficiency
Winter Summer (ASHRAE
Relative Relative Standard
Temperature Humidity = Temperature Humidity 52.2)
20to24°C  30to45% 23t026°C  40to50% 6to 8 MERV
Notes:

1. Follow local codes when applicable.
2. Building location may dictate optimum supply condition in recommended range.
3. MERV = minimum efficiency rating values.

absorbed regardless of how dry the room is maintained (Banks
1992).

Provide additional dehumidification capability to the ventilation
(makeup air) by dehumidifying the air to a lower level than the
desired space humidity ratio. For example, introducing 30 L/s of
makeup air at 8 g/kg can provide approximately 120 W of
internal latent cooling (assuming 9.5 g/kg is a desirable space
humidity ratio).

Allow air conditioning to operate in unoccupied rooms instead of
turning the units off, especially in humid areas.

Improve the room envelope by increasing its vapor and infiltration
resistance.

The third method allows ventilation air to handle part of the
internal latent load (people, internal moisture generation, and
moisture migration from external walls and building elements). In
addition, this method can separate the internal sensible cooling, in-
ternal latent cooling, and ventilation loads. Independent ventilation/
dehumidification allows room pressurization and space humidity
control regardless of the mode of operation or magnitude of the
air-conditioning load. Desiccant dehumidifiers can be retrofitted to
solve existing moisture problems.

Dedicated Outdoor Air Systems (DOAS). DOAS air units are
designed to condition ventilation air introduced into a space and to
replace air exhausted from the building. The geographic location and
class of the hotel dictate the functions of the makeup air units, which
may filter, heat, cool, humidify, and/or dehumidify the ventilation air.
Makeup air may be treated directly or by air-to-air heat recovery (sen-
sible or combined sensible and latent) and other heat recovery tech-
niques. Equipment to condition the air by air-to-air heat recovery and
final heating, cooling, humidification, and/or dehumidification is also
available.

Chapter 14 of the 2017 ASHRAE Handbook—Fundamentals pro-
vides design weather data for ventilation. Analyzing and selecting
the proper makeup unit for the full range of air conditions are critical
for efficient and sufficient all-year operation. Air-to-air heat
recovery helps stabilize entering conditions, which helps provide
efficient and stable operation. However, heat recovery may not al-
ways be feasible. Often, exhaust air comes from many individual
stacks. In this case, the cost of combining many exhausts for heat
recovery may not be warranted.

Typical design criteria for ventilation (makeup) air units are
listed in Table 4.

Makeup air units can be stand alone packaged (unitary) or inte-
grated in an air handler. A typical makeup air unit usually has the
following features:

» Heating, cooling, and dehumidification

+ Chilled/hot water or steam coils in the air handling unit
* Unitary refrigerant-based unit (direct-expansion cooling and
gas furnace or electric heat)

* Air-to-air energy recovery combined with mechanical cooling
(DX or chilled water) and heating



* Desiccant-based dehumidifier combined with air-to-air energy
recovery, indirect/direct evaporative cooling and
supplementary mechanical cooling and heating

* Heating only
* Hot water or steam coils in the air handling unit

+ Stand alone gas-fired or electric makeup units
* Air-to-air energy recovery with supplement heat

Humidification should be considered for all cold climates. The
HVAC designer must also consider avoiding coil freeze up in water
based systems. Chapters 26 and 28 of the 2016 ASHRAE Hand-
book—HVAC Systems and Equipment provide information about
air-to-air energy recovery and makeup air units, respectively.

Hotel location, environmental quality desired by the owner, and
design sophistication determine the system selected. For example,
in locations with cool summers, dehumidification with mechanical
cooling only is satisfactory. For humid locations or where enhanced
dehumidification is required, a desiccant-based unit can provide
lower supply air humidity, to help prevent mold and mildew and
provide internal latent cooling.

Central Mechanical Plant. Designing a reliable and energy-
efficient mechanical plant is essential to ensuring a profitable
hotel. The chiller plant must operate efficiently at part-load con-
ditions. Some redundancy should be considered in case of equip-
ment failure. Designs often include spare critical equipment where
spare parts and qualified service are not readily available. Chillers
with multistage compressors should be considered because they
provide partial cooling during failures and enhance part-load oper-
ation. When using two chillers, each should provide at least 60%
of the total load. Combinations of three chillers providing 40%
each or four chillers providing 30% each are better for tracking
part-load conditions. Cooling towers, pumps, etc., can be sized in
a similar manner.

The heating plant should be designed to accommodate the winter
heating load and could provide domestic hot water, swimming pool
heating, and service to kitchens and laundries as well. The type of
fuel used depends on location, availability, use, and cost.

Multipurpose boiler design for the kitchen and laundry should
offer redundancy, effective part-load handling, and efficient opera-
tion during summer, when the HVAC heating load does not exist.

In areas with mild winters, a two-pipe system or an air-to-water
heat pump chiller/heater can be considered. In any event, the HVAC
designer must understand the need for all-year cooling and heating
availability in the public areas. In this case, a combination of air-to-
water heat pump, chiller/heater for the guest rooms, and indepen-
dent heat pumps for public areas can be installed.

Acoustics and Noise Control. The sound level in guest room and
public areas is a major design element. Both the level and constancy
ofnoise generated by the HVAC are of concern. Normally, packaged
terminal air conditioners/heat pumps and water-source heat pumps
are noisier due to the compressor. Some equipment, however, has
extra sound insulation, which reduces the noise significantly.

Lowering fan speed, which is usually acceptable, can reduce fan
noise levels. On/off cycling of the fan and compressor can be objec-
tionable, even if the generated noise is low. Temperature control by
cycling the fan only (no flow control valve) should not be used.

Another source of noise is sound that transfers between guest
rooms through the toilet exhaust duct. Internal duct lining and sound
attenuators are commonly used to minimize this problem.

Noise from equipment located on the roof or in a mechanical
room located next to a guest room should be avoided. Proper selec-
tion of vibration isolators should prevent vibration transmission. In
critical cases, an acoustician must be consulted.

New Technology in Hotels. Modern hotels are implementing
techniques to enhance comfort and convenience. For example, the
telephone, radio, TV, communications, lighting, and air-conditioning
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unit can be integrated into one control system. Occupancy sensors
conserve energy by resetting the temperature control when the room
is occupied or when guests leave. As soon as a new guest checks in at
the front desk, the room temperature is automatically reset. But even
with this improved technology, it is important to remember that tem-
perature reset may create humidity problems.

5. DORMITORIES

Dormitory buildings frequently have large commercial dining
and kitchen facilities, laundering facilities, and common areas for
indoor recreation and bathing. These ancillary loads may make heat
pump or total energy systems appropriate, economical alternatives,
especially on campuses with year-round activity.

When dormitories are shut down during cold weather, the heating
system must supply enough heat to prevent freezing. If the dormitory
contains nondwelling areas such as administrative offices or eating
facilities, these facilities should be designed as a separate zone or
with a separate system for flexibility, economy, and odor control.

Subsidiary facilities should be controlled separately for flexibil-
ity and shutoff capability, but they may share common refrigera-
tion and heating plants. With internal-source heat pumps, this
interdependence of unitary systems allows reclamation of all
internal heat usable for building heating, domestic water preheat-
ing, and snow melting. It is easier and less expensive to place heat
reclaim coils in the building’s exhaust than to use air-to-air heat
recovery devices. Heat reclaim can easily be sequence controlled
to add heat to the building’s chilled-water system when required.

6. MULTIPLE-USE COMPLEXES

Multiple-use complexes combine retail, office, hotel, residential,
and/or other commercial spaces into a single site. Peak HVAC
demands of the various facilities may occur at different times of the
day and year. Loads should be determined independently for each
occupancy. Where a central plant is considered, a block load should
also be determined.

Separate air handling and distribution should serve separate
facilities. However, heating and cooling units can be combined eco-
nomically into a central plant. A central plant provides good oppor-
tunities for heat recovery, thermal storage, and other techniques that
may not be economical in a single-use facility. A multiple-use com-
plex is a good candidate for central fire and smoke control, security,
remote monitoring, billing for central facility use, maintenance con-
trol, building operations control, and energy management.
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HIS chapter contains technical, environmental, and design

considerations to assist the design engineer in the proper appli-
cation of heating, ventilation, and air-conditioning systems and
equipment for educational facilities.

1. PRESCHOOLS

General Design Considerations

Commercially operated preschools are generally provided with
standard architectural layouts based on owner-furnished designs. A
typical preschool facility provides programs for infants (1 to 2 years
old), toddlers (2 years old), and preschoolers (3 to 4 years old).
Larger facilities also offer programs for older children, such as kin-
dergarten programs (5 years old). Areas such as lobbies, libraries,
and kitchens are also included to support the variety of programs.
Given this range of age, special attention for the design of the HVAC
systems is required to meet the needs of every age group.

All preschool facilities require quiet and economical systems.
The equipment should be easy to operate and maintain, and the
design should provide warm floors and no drafts. These facilities
have two distinct occupant zones: (1) the floor level, where younger
children play, and (2) normal adult height, for the teachers. The
teacher also requires a place for a desk; consider treating this area as
a separate zone.

Preschool facilities generally operate on weekdays from early in
the morning to evening (6:00 or 7:00 pm). This schedule usually
coincides with the normal working hours of the children’s parents,
plus one hour for drop-off and pick-up. The HVAC systems therefore
operate 12 to 14 h per workday, and may be off or on at night and
weekends, depending on whether setback is applied.

Supply air outlets should be positioned so that the floor area is
maintained at about 24°C without introducing drafts. Both supply
and return air outlets should be placed where they will not be
blocked by furniture positioned along the walls or within reach of
children. Coordination with the architect on location of these outlets
is essential. Proper ventilation is crucial for controlling odors and
helping prevent the spread of diseases among the children.

Floor-mounted heating equipment, such as electric baseboards
heaters, should be avoided because children must be prevented from
coming in contact with hot surfaces or electrical devices. However,
radiant-floor systems can be used safely and effectively.

Design Criteria

Table 1 provides typical indoor design conditions for preschools.
Table 2 provides typical ventilation and exhaust design criteria
using the ventilation rate procedure of ASHRAE Standard 62.1-
2016. Table 3 lists design criteria for acceptable noise in preschool
facilities.

The preparation of this chapter is assigned to TC 9.7, Educational Facilities.

8.1

Table 1 Recommended Temperature and Humidity Design
Criteria for Various Spaces in Preschools

Indoor Design Conditions, °C
Winter

Category/Humidity Criteria Summer

Infant, toddler, and preschooler classrooms and daycare sickroom?

30% rh 22.3t026.2 24.5t027.5
40% rh 22.3t025.8 24.3t027.2
50% rh 22.1t025.6 24.1t0 26.9
60% rh 21.87t025.3 23.8t0 26.7
Administrative, offices, lobby, kitchen
30 to 60% rh 22.3t025.3 24.5t0 26.7
Storage
No humidity control 17.8
Mechanical roomsP
No humidity control 16.1
Notes:

aBased on ASHRAE Thermal Comfort Tool (ASHRAE 2010) v. 2.0.03, for people
wearing typical summer and winter clothing, 0.6 and 0.9 clo, respectively, at sedentary
activity (1.0 met). Air speed assumed at 0.1 m/s and mean radiant temperature (MRT)
assumed equal to air temperature. Temperature range is within acceptable ASHRAE
Standard 55 range (0.5 < Predicted mean vote (PMV) < +0.5) using the analytical
comfort zone method, section 5.3.2 of ASHRAE Standard 55-2017.

bUsually not conditioned.

Load Characteristics

Preschool cooling and heating loads depend heavily on ambient
conditions, because the rooms typically have exterior exposures
(walls, windows, and roofs) and relatively higher needs for ventila-
tion. Although preschool facilities are relatively small, the design
engineer must pay special attention to properly calculate the cooling,
heating, dehumidification, and humidification loads. Sizing and
applying the HVAC equipment is critical for handling the loads and
the large amounts of outdoor air from a capacity and occurrence
standpoint (peak sensible and latent loads do not always coincide).

Humidity Control

Preschool classrooms require humidity control to provide com-
fort and prevent health problems. Maintaining humidity levels
between —1 and 15.5°C dew point satisfies nearly all people nearly
all the time. However, the designer should discuss comfort expecta-
tions with the owner, to avoid misunderstandings.

In hot and humid climates, it is recommended that air condition-
ing and/or dehumidification be operated year-round to prevent
growth of mold and mildew. Dehumidification can be improved by
adding optional condenser heat/reheat coils, heat pipes, or air-to-air
heat exchangers in conjunction with humidity sensors in the condi-
tioned space or return air.

Additional information on humidity control is in the section on
K-12 Schools.
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Table 2 Typical Recommended Design Criteria for
Ventilation and Filtration for Preschools
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Table3 Typical Recommended Design Guidelines for HVAC-
Related Background Sound for Preschool Facilities

Ventilation and Exhaust ® &

. Minimum
Outdoor Occupant Outdoor Air Filtration
Air,L/sper Density ¥ L/s Efficiency,
Category Person per 100 m2 L/(s'm2) per Unit MERVH
Infant, toddler, 8.6 25 8 to 13!
and preschooler
classrooms and
daycare
sickroom®
Administrative 8.5 5 6to8
and office space®
Kitchend 1.5 i
(exhaust)
Toilets® 25 (exhaust) NA
Storage! 0.6 1to4
Notes:

2Based on ASHRAE Standard 62.1-2016, Table 6-2.2.1, default values for ventilation,
and Table 6-5 for exhaust rates.

bBased on ASHRAE Standard 62.1-2016, Table 6-2.2.1, default values for educational
facilities-daycare.

°Based on ASHRAE Standard 62.1-2016, Table 6-2.2.1, default values for office build-
ings/ office spaces.

dBased on ASHRAE Standard 62.1-2016, Table 6-5, for kitchenettes.

¢Based on ASHRAE Standard 62.1-2016, Table 6-5, for private toilets (rate is for toilet
room intended to be occupied by one person).

Based on ASHRAE Standard 62.1-2016, Table 6-2.2.1, for storage rooms.

€This table should not be used as the only source for design criteria. Governing local
codes, design guidelines, and ASHRAE Standard 62.1-2016 with current addenda
must be consulted.

PMMERV = minimum efficiency reporting values, based on ASHRAE Standard 52.2-
2017.

iSee Chapter 31 for additional information on kitchen ventilation.

iConsult local codes for exhaust requirements.

kUse default occupancy density when actual occupant density is not known.

INAFA 2012

Systems and Equipment Selection

HVAC systems for preschools are typically decentralized, using
either self-contained or split air-conditioners or heat pumps (typi-
cally air- or water-source). When the preschool is part of a larger
facility, utilities such as chilled water, hot water, or steam from a cen-
tral plant can be used. When natural gas is available, the heating
system can be a gas-fired furnace, or, when economically justifiable,
electric heat can be used.

The type of HVAC equipment selected also depends on the cli-
mate and the months of operation. In hot and dry climates, for
instance, the primary type of cooling may be evaporative. In colder
climates, heating can also be provided by a hot-water hydronic sys-
tem originating from a boiler plant in conjunction with radiant floor
or hot-water coils. For small, decentralized systems without central
building control, a zone-level programmable temperature control is
recommended (and sometimes required by local code).

Decentralized systems are dedicated systems serving a single
zone, and typically include the following:

* Direct-expansion (DX) split systems and variable refrigerant flow
(VRF) systems

» Rooftop packaged air conditioners or heat pumps with or without
optional enhanced dehumidification (condenser reheat coil)

* Rooftop packaged air conditioners or heat pumps integrated with
an energy recovery module, with optional enhanced dehumidi-
fication (condenser reheat coil; see Figure 5). Consult ANSI/
ASHRAE/IESNA Standard 90.1-2016, section 6.5.6.1, for cases
with a high percentage of outdoor air.

* Water-source heat pumps (with cooling tower and supplementary
boiler)

Sound Criteria® P

Category NC/RC Comments
Infant, toddler, and 30
preschooler classrooms
Administrative/office areas 40 For open-plan office
Service/support areas 35t0 45

Notes:
aBased on Chapter 48.
PRC (Room Criterion), from Chapter 8 of 2017 ASHRAE Handbook—Fundamentals.

Table 4 Applicability of Systems to Typical Areasd

Heating
Decentralized Cooling/Heating Systems® Only
PSZ/ PSZ with
SZ Energy Recovery Geothermal
Split/ and Heat  Radiant
Typical Area VRF® Dehumidification WSHP Pump Floor ®
Classrooms Xa Xa X X X
Administrative X X X
areas, lobby
Kitchen X X X
Ventilation DOAS DOAS DOAS  DOAS

(outdoor air)

SZ = single zone

PSZ = packaged single zone

DOAS = dedicated outdoor air system

Notes:

aPSZ for classrooms requires individual thermostatic control.

bTypically with cooling system such as PSZ/SZ split.

¢Heating system for PSZ/SZ split can be gas furnace, hot-water coil, or electric.

dSee Table 10 for additional systems if preschool is not a stand-alone facility.

¢Special consideration required for risk associated with refrigerant leaks. ASHRAE
Standards 15 and 34 should be consulted.

VRF = variable refrigerant flow
WSHP = water-source heat pump

* Geothermal heat pumps (ground-coupled, ground-water-source,
surface-water-source)

» Packaged dedicated outdoor air systems with DX system for
cooling and gas-fired furnace, electric heating, or part of water-
source and geothermal heat pump system

Information about decentralized systems can be found in Chap-
ters 5, 18, 49, and 50 of the 2016 ASHRAE Handbook—HVAC Sys-
tems and Equipment. Additional information on geothermal heat
pumps can be found in Kavanaugh and Rafferty (1997) and Chapter
35 of this volume. Chapter 6 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment provides information on radiant
heating.

Note that some decentralized systems may need additional acous-
tical modifications to meet the design criteria in Table 3. Therefore,
it is strongly recommended to carefully check the acoustical impli-
cations of applying these systems.

Dedicated Outdoor Air Systems (DOASs). Specialized DOASs
should be used to treat outdoor air before it is introduced into class-
rooms or other areas. DOAS units can bring 100% outdoor air to at
least space conditions, which allows the individual space units to
handle only the space cooling and heating loads. A detailed descrip-
tion of DOAS is provided in the K-12 Schools section of this chapter.
Additional information can be found in Chapter 25 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment.

Systems Selection by Application. Table 4 shows the applica-
bility of systems to areas in preschool facilities.
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2. K-12 SCHOOLS

General and Design Considerations

K (kindergarten)-12 schools typically include elementary, mid-
dle (junior high), and high schools. These facilities are typically
one- to three-story buildings.

Elementary schools are generally comprised of 10 to 15 class-
rooms plus cafeteria, administration, gymnasium, and library areas.
Elementary schools are usually used during the school season (late
August to June); during summer, they are usually closed or have
minimal activity. Current trends include science classrooms and a
preschool facility. Typical elementary schools operate between
7:00 AM and 4:00 pm.

Middle schools are larger than elementary schools and include
additional computer classrooms and locker rooms. A recent trend
toward eliminating middle schools (retaining traditional K-8 ele-
mentary and 9-12 high schools) (Wright 2003) may require that ele-
mentary school designs incorporate some middle school features.

High schools also include a cafeteria and auditorium, and may
include a natatorium, ice-skating rink, etc. High schools operate
longer hours and are often open during the summer, either as a sum-
mer school or to use special facilities such as gymnasiums, natato-
riums, etc.

Typical areas found in K-12 schools are shown in Table 5.

K-12 schools require an efficiently controlled atmosphere to en-
sure a proper learning environment. This involves the selection of
HVAC systems, equipment, and controls to provide adequate venti-
lation and indoor air quality (IAQ), comfort, and a quiet atmo-
sphere. The system must also be easily maintained by the facility’s
maintenance staff.

The following are general design considerations for each of the
areas typically found in K-12 schools:

Classrooms. Classrooms typically range between 80 and
100 m2, and are typically designed for 20 to 30 students. Each class-
room should be, at a minimum, heated and ventilated. Air condition-
ing should be seriously considered for school districts that have
year-round classes in warm, humid climates. In humid climates,
seriously consider providing dehumidification during summer, even
if the school is unoccupied, to prevent mold and mildew.

Science Classrooms. Science rooms are now being provided for
elementary schools. Although the children do not usually perform

Table 5 Typical Spaces in K-12 Schools

School

Elementary Middle High
(Kto5)? (6to8)* (9to12)?

Typical Area

Classrooms X
Science X
Computer X

Laboratories and science facilities

Administrative areas

Gymnasium

Libraries

Auditorium

Home economics room

Cafeteria X

Kitchen X

Auto repair shop®

Industrial shop

Locker rooms X

Ice rink?

Natatorium®

School storeb

X X X
XX X X X X X

X X
XXXXXXXXXXXXXXXXX

Notes: #School grades can vary. PThese zones are not typical.

experiments, odors may be generated if the teacher demonstrates an
experiment or if animals are kept in the classroom. Under these con-
ditions, adequate ventilation is essential along with an exhaust fan
with a local, timer-based (e.g., 0 to 60 min) on/off switch for occa-
sional removal of excessive odors.

Computer Classrooms. These rooms have a high sensible heat
load because of the computer equipment. They may require addition-
al cooling equipment such as small spot-cooling units to offset the
additional load. Humidification may also be required. See Chapter
20 for additional information.

Educational Laboratories. Middle and high school laboratories
and science facilities may require fume hoods with special exhaust
systems. A makeup air system may be required if there are several
fume hoods in a room. If there are no fume hoods, a room exhaust
system is recommended for odor removal, depending on the type of
experiments conducted in the room and whether animals are kept
there; when applicable, a local exhaust with on/off switch and a
timer can be considered. Associated storage and preparation rooms
are generally exhausted continuously to remove odors and vapors
emanating from stored materials. The amount of exhaust and loca-
tion of exhaust grilles may be dictated by local codes or National
Fire Protection Association (NFPA) standards. See Chapter 17 for
further information. Additional information on laboratories can be
found in ANSI/AIHA Standard 79.5-2012 and Mclntosh et al.
(2001).

Administrative Areas. The office area should be set up for indi-
vidual control because it is usually occupied during and after school
hours. Because offices are also occupied before school starts in the
fall, air conditioning for the area should be considered or provisions
should be allowed for future upgrades.

Gymnasiums. Gyms may be used after regular school hours for
evening classes, meetings, and other functions. The gym may also
be used on weekends for group activities. Loads for these occasional
uses should be considered when selecting and sizing the systems
and equipment. Independent gymnasium HVAC systems with con-
trol capability allow for flexibility with smaller part-load condi-
tions. If a wooden floor is installed, humidity control should be
considered to avoid costly damage.

Libraries. Libraries should be air conditioned to preserve the
books and materials stored in them. See Chapters 3 and 24 for addi-
tional information.

Auditoriums. These facilities require a quiet atmosphere as well
as heating, ventilation, and, in some cases, air conditioning. Audi-
toriums are not often used, except for assemblies, practice for pro-
grams, and special events. For other considerations, see Chapter 5.

Home Economics Rooms. These rooms usually have a high sen-
sible heat load from appliances such as washing machines, dryers,
stoves, ovens, and sewing machines. Different options should be
considered for exhaust of stoves and dryers. If local codes allow,
residential-style range hoods may be installed over the stoves. A
central exhaust system could be applied to the dryers as well as to
the stoves. If enough appliances are located within the room, a
makeup air system may be required. These areas should be main-
tained at negative pressure in relation to adjacent classrooms and ad-
ministrative areas. See Chapter 34 for more information.

Cafeteria and Kitchen. Typical schools require space for prepa-
ration and serving of meals. A well-designed school cafeteria
includes the following areas: loading/receiving, storage, kitchen,
serving area, dining area, dishwashing, office, and staff facilities
(lockers, lavatories, and toilets). Chapter 34 provides detailed infor-
mation on design criteria, load characteristics, and design concepts
for these facilities.

Auto Repair Shops. These facilities require outdoor air ventila-
tion to remove odors and fumes and to provide makeup air for
exhaust systems. The shop is usually heated and ventilated but not
air conditioned. To contain odors and fumes, return air should not be



supplied to other spaces, and the shop should be kept at a negative
pressure relative to surrounding spaces. Special exhaust systems
such as welding exhaust or direct-connected carbon monoxide
exhaust systems may be required. See Chapter 33 for more informa-
tion.

Industrial Shops. These facilities are similar to auto repair shops
and have special exhaust requirements for welding, soldering, and
paint booths. In addition, a dust collection system is sometimes
provided, and the collected air is returned to the space. Industrial
shops have a high sensible load from operation of the shop equip-
ment. When calculating loads, the design engineer should consult
the teacher about shop operation, and, where possible, diversity
factors should be applied. See Chapter 33 for more information.

Locker Rooms. Building codes in the United States require that
these facilities be exhausted directly to the outside when they con-
tain toilets and/or showers. They are usually heated and ventilated
only. These areas typically require makeup air and exhaust systems
that should operate only when required. Where applicable, energy
recovery systems can be considered.

Ice Rinks. These facilities require special HVAC and dehumid-
ification systems to keep spectators comfortable, and to prevent
roof condensation and fog formation at the surface. Where appli-
cable, energy recovery systems can be considered. See Chapter 5
of this volume, Chapter 44 of the 2018 ASHRAE Handbook—
Refrigeration, and Harriman et al. (2001) for more on these sys-
tems.

Natatoriums. These facilities, like ice rinks, require special hu-
midity control systems. In addition, special construction materials
are required. Where applicable, energy recovery systems can be
considered. See Chapter 5 and Harriman et al. (2001) for more on
these systems.

School Stores. These facilities contain school supplies and par-
aphernalia and are usually open for short periods. The heating and
air-conditioning systems serving these areas should be able to be
shut off when the store is closed to save energy.

Design Criteria

A typical HVAC design criteria covers parameters required for
thermal comfort, indoor air quality (IAQ), and sound. Thermal
comfort parameters (temperature and humidity) are covered by
ASHRAE Standard 55-2017 and Chapter 9 of the 2017 ASHRAE
Handbook—Fundamentals. Ventilation and IAQ are covered by
ANSI/ASHRAE Standard 62.1-2016 and Chapter 16 of the 2017
ASHRAE Handbook—Fundamentals. Sound and vibration are dis-
cussed in Chapter 49 of this volume and Chapter 8 of the 2017
ASHRAE Handbook—Fundamentals.

Thermal comfort is affected by air temperature, humidity, air
velocity, and mean radiant temperature (MRT). In addition, nonen-
vironmental factors (clothing, gender, age, and physical activity)
affect thermal comfort. These variables and their correlation with
thermal comfort can be evaluated by the Thermal Comfort Tool CD
(ASHRAE 2010) in conjunction with ASHRAE Standard 55-2017.
Note that, in addition to thermal comfort criteria, several zones in
schools (libraries, gymnasiums, locker rooms, natatoriums, ice
rinks, etc.) require additional considerations to account for issues
such as mold prevention, condensation, corrosion, etc., as discussed
in more detail in the section on Humidity Control. General guide-
lines for temperature and humidity applicable for K-12 schools are
shown in Table 6.

All schools need outdoor air for ventilation. Outdoor air is intro-
duced to occupied areas and then exhausted by fans or exhaust
openings, removing indoor air pollutants generated by occupants
and any other building-related sources. ASHRAE Standard 62.1 is
used as the basis for many building codes. To define the ventilation
and exhaust design criteria, consult local applicable ventilation
and exhaust standards. Table 7 provides recommendations for
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Table 6 Typical Recommended Temperature and Humidity
Ranges for K-12 Schools

Indoor Design Conditions

Category/ o
Humidity Temperature, °C
Criteria Winter Summer Comments

Classrooms, laboratories, libraries, auditoriums, offices » ¢

30% rh 22.31026.2 24.5t027.5
40% rh 22.3t025.8 24.3t027.2
50% rh 22.1t025.6 24.1t026.9
60% rh 21.87 t0 25.3 23.8t0 26.7
Gymnasiums
30t0 60% rh  20.3to23.3 23.3 to 25.8 For gym with wooden floor,
35 to 50% humidity
recommended at all times
Shops
20to 60% rh  20.3 to 23.3 23.3to 25.8
Cafeteria®
20 to 30% 21.1t023.3 25.8
(winter), 50%
(summer) rh
Kitchen®
No humidity ~ 21.1 to 23.3 28.9 to 31.1
control

Locker/shower rooms

No humidity 26.7 Usually not conditioned
control
Toilets
No humidity 222 Usually not conditioned
control
Storage
No humidity 17.8
control
Mechanical rooms
No humidity 16.1 Usually not conditioned
control
Corridors
No humidity 20.0 Frequently not conditioned
control
Natatorium®
50t0 60%rh  26.7to 28.9 26.7 to 28.9 Based on recreational pool
Ice rinkd
1.7t0 7.2°C dp 10.0 18.3 Minimum 5.5 K temperature
(maximum) (minimum) (maximum) difference between dew
point and dry bulb to prevent
fog and condensation
Notes:

aBased on ASHRAE Thermal Comfort Tool v.
2.0.03, for people wearing typical summer and
winter clothing, 0.6 and 0.9 clo respectively, at
sedentary activity (1.0 met). Air speed assumed at
0.1 m/s and MRT assumed equal to air tempera-
ture. The temperature range is within acceptable
ASHRAE Standard 55 range (—0.5< PMV<+0.5)
using the analytical comfort zone method, section
5.3.2 of ASHRAE Standard 55-2017.

YBased on Chapter 3.

“Based on Chapter 5.

dBased on Harriman et al.
(2001).

¢For libraries, keep minimum
humidity of —-1.1°C dp and
maximum of 55% rh.

ventilation design based on the ventilation rate procedure method
of ASHRAE Standard 62.1-2016 and filtration criteria for K-12
educational facilities.

Additional information on IAQ for educational facilities can be
found in EPA (2000).

Acceptable noise levels in classrooms are critical for a proper
learning environment. High noise levels reduce speech intelligibility
and student’s learning capability. Although Chapter 49 provides
information on design noise criteria, additional sources, such as local
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Table7 Typical Recommended Design Criteria for Ventilation
and Filtration for K-12 Schools

Table 8 Typical Recommended Design Guidelines for HVAC-
Related Background Sound for K-12 Schools

Ventilation and Exhaust?

Combined Outdoor Air
Outdoor Occupant Minimum
Air, Density,' Filtration
L/s per per L/s  Efficiency,
Category Person 100 m? L/(s'm2) per Unit MERV®
Classrooms, 7.4 25 8 to 13i
Ages5to 8
Ages 9 and 6.7 35 8 to 13
over
Lecture 43 65 8 to 13i
Art 9.5 20 8 to 13i
Lecture halls 4.0 150 8 to 13i
(fixed seats)
Science 8.6 25 8 to 13i
laboratories®
Computer lab 7.4 25 8 to 13
Media center 7.4 25 8 to 13i
Music/theatre/ 5.9 35 8 to 13
dance
Multiuse 4.1 100 8 to 13
assembly
Libraries 8.5 10 8 to 13i
Auditorium 2.7 150 9to 108
Administrative/ 8.5 5 8 to 13i
office areas
Gymnasium 1.5 8to 13
(playing floors)
Wood/metal 9.5 20 8 to 13
shops
Locker rooms 2.5 1to4
(exhaust)
Cafeteria 4.7 100 8 to 13i
Kitchend: © 3.5 NA
(exhaust)
Toilets 35 NA
(exhaust)
Storage 0.6 1to4
Corridors 0.3 8 to 13i
Natatoriums 2.4 8 to 13
(pool and deck)
Ice rinks 4.0 150 8 to 13i
(spectator
areas)?
Notes:

aBased on ASHRAE Standard 62.1-2016, Tables 6.2.2.1 (i.e., default values) and 6-4.
For systems serving multiple zones, apply multiple-zone calculations procedure. See
the section on Demand Control Ventilation (DCV) when DCV is considered.

bThis table should not be used as the only source for design criteria. Governing local
codes, design guidelines, and ASHRAE Standard 62.1-2013 must be consulted.

‘MERV = minimum efficiency reporting values, based on ASHRAE Standard 52.2-
2017.

dSee Chapter 34 for additional information on kitchen ventilation.

¢Consult local codes for kitchen exhaust requirements.

fThis table should not be used as the only source for laboratory design criteria. Govern-
ing local codes and design guidelines such as ANSI/AIHA Standard 79.5-2012 and
Chapter 17 of this volume must be consulted.

&When higher filtration efficiency specified, prefiltration is recommended.

hBased on ASHRAE Standard 62.1-2013 values for sports and entertainment; for rink
playing area, use gymnasium (playing floors) design criteria. Special attention should
be given to internal-combustion ice-surfacing equipment for carbon monoxide control.
Consult local code for ice rink design.

iUse default occupancy density when actual occupant density is not known.

INAFA (2012).

Sound Criteria® b

Category NC/RC Comments

Classrooms 30

Large lecture rooms

Without speech 25

amplification

With speech amplification 30

Science laboratories 35t0 50 See Table 1 of Chapter
48

Libraries 30 See Table 1 of Chapter
48

Auditorium 30 to 35 Use as guide only;
consult acoustician

Administrative 40 For open-office space

Gymnasium 45

Shops 35t0 45 Use as guide only;
consult acoustician

Cafeteria 40 Based on service/
support for hotels

Kitchen 40 Based on service/
support for hotels

Storage 35to0 45 Use as guide only;
consult acoustician

Mechanical rooms 35to0 45 Use as guide only;
consult acoustician

Corridors 40

Natatoriums 45

Ice rinks 45 Based on values for

gymnasiums and
natatoriums

Notes:

2Based on Chapter 48, Table 1. That table provides additional design guidelines for
HVAC-related background sound in rooms.

YRC (Room Criterion), from Chapter 7 of the 2017 ASHRAE Handbook—Fundamentals.

codes and ANSI Standard S12.60-2010 Part 1, should be consulted
for adequate design criteria.

Table 8 summarizes applicable noise criteria for K-12 schools.

Load Characteristics

Proper cooling, heating, dehumidification, and humidification
load calculations and properly sized equipment are critical to both
energy efficiency and cost effectiveness. Many computer programs
and calculation methodologies, as described in Chapter 18 of the
2017 ASHRAE Handbook—Fundamentals, can be used for these
tasks. Assumptions and data used for infiltration, lighting, equip-
ment loads, occupancy, etc., are critical for proper load calculations.
Although equipment is sized by peak cooling and heating, it is ex-
tremely important to analyze the occurrences of the peak sensible
and latent cooling loads. In many instances, peak sensible cooling
load does not coincide with peak latent cooling load. Ignoring this
phenomenon can result in unacceptable indoor humidity. By careful-
ly analyzing and understanding the peak loads and the load profiles,
the designer can properly apply and size the most suitable equipment
to meet the sensible and the latent cooling loads efficiently. Elemen-
tary schools are generally occupied from about 7:00 AM to about
3:00 pm; occupation is longer for middle and high schools. Peak
cooling loads usually occur at the end of the school day. Peak heating
usually occurs early in the day, when classrooms begin to be occu-
pied and outdoor air is introduced into the facility. Although K-12
schools are dominated by perimeter zones (and zones exposed to the
roof), careful attention should be given to components of the loads.
Typical breakdowns of moisture loads are shown in Table 9.



Table9 Typical Classroom Summer Latent (Moisture) Loads

Category Moisture Loads, kg/h Moisture Loads, %
People 33 22.5
Permeance 0.09 0.6
Ventilation 9.2 62.5
Infiltration 2.1 14.4

Doors 0 0

Wet surfaces 0 0

Humid materials 0 0
Domestic loads 0 0

Note: Based on Harriman et al. (2001), Chapter 18, Figure 18.2.

Typically, the dominant cooling loads in classrooms are occu-
pants and ventilation, and ventilation and roof for heating. Given the
dominance of ventilation loads, special effort should be made to
effectively treat outdoor air before its introduction to the space, as
discussed in more detail in the section on Systems and Equipment
Selection.

Humidity Control

School buildings host many activities that require special
humidity control. Harriman et al. (2001) provide detailed informa-
tion on the basics of design and equipment selection for proper
humidity control for several applications; Chapter 18 of that volume
is dedicated to schools.

Classrooms require humidity control to provide comfort and pre-
vent humidity-related problems (e.g., growth of dust mites and fun-
gus, which produce allergens and even toxic by-products). Low
humidity, on the other hand, favors longevity of infectious viruses,
and therefore their transmission between occupants. Maintaining
dew-point levels between —1 and 15.5°C satisfies nearly all people
nearly all the time. However, the designer should discuss comfort
expectations with the owner, to avoid misunderstandings.

Libraries require humidity control to provide comfort to the
occupants and also to protect books and electronic records. Main-
taining dew-point levels between —1 and 15.5°C provides a comfort-
able environment for the library occupants. However, controlling
humidity at this range does not prevent books from absorbing excess
moisture. Typically, books take up moisture quickly but lose it
slowly. To avoid growth of mold and mildew, a dew point above —
1°C and maximum of 55% rh are recommended. As with class-
rooms, the principal moisture loads for the library are ventilation
(the major load) and infiltration.

Gymnasiums with wooden floors require special attention; failure
to control humidity in gyms with wooden floors may have costly con-
sequences. The Maple Flooring Manufacturers Association (MFMA
2005) specifies a floor-level humidity between 35 and 50% rh.

Showers and locker rooms require humidity control to prevent
corrosion and growth of bacteria and fungus. Therefore, special
attention is required to exhaust air quantities and placement of sup-
ply and exhaust air registers.

Natatoriums and ice rinks are typically isolated areas with more
specialized HVAC equipment specifically designed to address ven-
tilation and humidity control. Chapters 27 and 28 of Harriman et al.
(2001) provide detailed information on humidity control for natato-
riums and ice rinks, respectively.

Systems and Equipment Selection

Selection of HVAC equipment and systems depends on whether
the facility is new or existing, and (in the latter case) whether it is
to be totally or partially renovated. For minor renovations, existing
HVAC systems are often expanded in compliance with current
codes and standards with equipment that matches the existing
types. For major renovations or new construction, new HVAC sys-
tems and equipment should be installed. When applicable, the
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remaining useful life of existing equipment and distribution sys-
tems should be considered.

HVAC systems and equipment energy use and associated life-
cycle costs should be evaluated. Energy analysis may justify new
HVAC equipment and systems when an acceptable return on invest-
ment can be shown. The engineer must review all the assumptions in
the energy analysis with the school administration. Assumptions,
especially about hard-to-measure items such as infiltration and part-
load factors, can significantly affect the energy use calculated.

Other considerations for existing facilities are (1) whether the
central plant is of adequate capacity to handle additional loads from
new or renovated facilities; (2) the age and condition of the existing
equipment, pipes, and controls; and (3) the capital and operating
costs of new equipment. Schools usually have very limited budgets.
Any savings in capital expenditures and energy costs may be avail-
able for the maintenance and upkeep of the HVAC systems and
equipment and for other facility needs.

The type of HVAC equipment selected also depends on the cli-
mate and months of operations. In hot, dry climates, for instance,
evaporative cooling may be the primary approach. Some school dis-
tricts may choose not to provide air conditioning. However, in hot,
humid climates, it is recommended that air conditioning or dehu-
midification be operated year-round to prevent growth of mold or
mildew.

Chapter 1 of the 2016 ASHRAE Handbook—HVAC Systems and
Equipment provides general guidelines on HVAC systems analysis
and selection procedures. Although in many cases system selection
is based solely on the lowest first cost, it is suggested that the engi-
neer propose a system with the lowest life-cycle cost (LCC). LCC
analysis typically requires hour-by-hour building energy simulation
for annual energy cost estimation. Detailed first and maintenance
cost estimates of proposed design alternatives, using sources such as
R.S. Means (2018a, 2018b), can also be used for the LCC analysis
along with software such as BLCC 5.1 (FEMP 2010). Refer to
Chapters 38 and 59, and the Value Engineering (VE) and Life-Cycle
Cost Analysis (LCCA) section of this chapter, for additional infor-
mation.

System Types. HVAC systems for K-12 schools may be central-
ized, decentralized, or a combination of both. Centralized systems
typically incorporate secondary systems to treat the air and distrib-
ute it. The cooling and heating medium is typically water or brine
that is cooled and/or heated in a primary system and distributed to
the secondary systems. Centralized systems comprise the following
systems:

Secondary Systems

« Air handling and distribution (see Chapter 4 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment)

* In-room terminal systems (see Chapter 5 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment)

* DOAS with chilled water for cooling and hot water, steam, or
electric heat for heating

Primary Systems

* Central cooling and heating plant (see Chapter 3 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment)

Typical decentralized systems (dedicated systems serving a
single zone, or packaged systems such as packaged variable-air-
volume) are

* Water-source heat pumps (WSHPs), also known as water-loop
heat pumps (WLHPs)

* Geothermal heat pumps (groundwater heat pumps, ground-
coupled heat pumps)

* Hybrid geothermal heat pumps (combination of groundwater
heat pumps, ground-coupled heat pumps, and an additional heat
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rejection device), for cases with limited area for the ground-cou-
pled heat exchanger or where it is economically justified

» Packaged single-zone and variable-volume units

 Light commercial split systems

* Minisplit and variable-refrigerant-flow (VRF) units

Chapters 2, 9, 18, 49, and 50 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment provide additional information on
decentralized HVAC systems. Additional information on geothermal
energy can be found in Chapter 35 of this volume.

It is important to note that, to meet the acoustical design criteria
in Table 8, designers should avoid locating HVAC equipment in
classrooms, and that some centralized and decentralized systems lo-
cated close to classrooms might need additional sound-attenuating
features. Coordination between the HVAC designer, architect, and
acoustical consultant is critical for meeting the desired noise crite-
ria. Siebein and Likendey (2004) provide information on the appli-
cability of systems to classrooms with regard to acoustical criteria.
Additional information on how HVAC&R manufacturers’ acousti-
cal data and application information can be best used can be found
in Ebbing and Blazier (1998). Schaffer (1993) provides a practical
guide to noise and vibration control for HVAC systems. Commer-
cial acoustics analysis software can also be helpful.

Dedicated Outdoor Air Systems. Although most centralized and
decentralized systems are very effective at handling the space sensible
cooling and heating loads, they are less effective (or ineffective) at
handling ventilation air and the latent loads. As a result, a DOAS
should be used. DOAS units bring 100% outdoor air to at least space
conditions, which allows individual space units to handle only the
space loads. It is preferable, however, to introduce the outdoor air at
a lower humidity ratio than the desired space humidity ratio, to allow
the zone HVAC unit to handle only the space sensible cooling load.
This approach can be easily implemented in a classroom where a sig-
nificant amount of outdoor air is required for ventilation.

Example. In a typical classroom with 30 students, the ventilation require-
ments are 222 L/s. If the outdoor air can be introduced at a humidity
ratio of 6.9 g/kg and the space is designed to be maintained at 10 g/kg,
the space dehumidification capability of the pre-dehumidified outdoor
air is the following:

Space dehumidification Latent load ~ Flow [Space humidity ratio —J

capability, W - Vﬁi(ztl(jr’s) x rﬁt/:’ *| Supply humidity ratio
Then,
Dehumidification _ (10-6.9)7 _ _
apability W~ 2010222 [—1 m } 2071 W =2.07 kW

where 3010 is the air latent factor (see Chapter 18 of the 2013 ASHRAE
Handbook—Fundamentals), in W/(L-s).

The 2.07 kW of space latent load is equivalent to the latent load of 30
occupants (seated, very light work, 0.045 kW per occupant) and the
additional space latent load (e.g., infiltration latent load).

Occupant latent load =30 x 0.045 = 1.35 kW

Remainder of total dehumidification capability = 2.07 — 1.35

=0.72

This additional dehumidification capability can help in handling

infiltration latent load and others.

This simple example demonstrates the ability of pre-dehumidified
outdoor air to handle the space latent load, resulting in almost full
separation of the space latent cooling load treatment from the space
sensible cooling load. This approach allows only thermostatic con-
trol without losing humidity control in conditioned classrooms.

Typical DOAS units are air-handling units that cool, dehumidify,
heat, humidify, and filter the outdoor air before it is introduced to the
conditioned space. Typical DOASs include the following major
components:
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Fig. 1 Typical Configuration of DOAS Air-Handling Unit:
Enthalpy Wheel with Heat Pipe for Reheat
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Fig.2 Typical Configuration of DOAS Air-Handling Unit:
Enthalpy Wheel with Wraparound Heat Pipe for Reheat

* Mechanical cooling/dehumidification
- DX coil
- Chilled-water coil
* Desiccant-based cooling/dehumidification
- Desiccant (dehumidification) and direct-expansion (DX) coil
(post sensible cooling)
- Desiccant (dehumidification) and chilled-water coil (post sen-
sible cooling)
* Heating
- Coils (hot-water, steam, electric, heat pump)
- Gas-fired furnace
* Humidification
- Passive (in conjunction with enthalpy wheel heat recovery)
- Active (steam, electric-to-steam, gas-to-steam)
 Exhaust air recovery: air-to-air heat recovery
- Rotary (enthalpy wheel, sensible wheel)
- Fixed (heat pipe, plate heat exchanger, runaround coils)
» Dehumidification enhancements for air-to-air heat recovery
- Heat pipe based (wraparound coil)
- Mini plate heat exchanger based

Which DOAS configuration is most cost effective depends on vari-
ables such as availability of utilities (chilled water, gas, steam), space
constraints, climatic data, utility cost, and budget. DOAS can be con-
figured easily by using modular components that meet the design cri-
teria. Selection and analysis software of these systems is readily
available from DOAS manufacturers, which simplifies configuration
and analysis of the most cost-effective system. Typical configurations
of DOAS are shown in Figures 1 and 2. A cooling/dehumidification
psychrometrics process of DOAS is shown in Figure 3.

Air-to-air energy recovery is an important element in a DOAS. In
addition to recovering energy from the exhaust air, a well-designed



energy recovery module, such as an enthalpy wheel, can enhance and
stabilize operation of the cooling and heating elements in the DOAS
unit. As shown in Figure 3, the process of bringing outside air from
point 1 to point 2 can be defined as “compressing” the outdoor air
conditions to almost return air conditions. Additional information
about DOAS systems can be found in ASHRAE (2017).

Given the need for more stringent and complex control schemes
for outdoor air preconditioning, DOAS typically incorporate, direct
digital control (DDC) systems, either stand-alone microprocessor-
based or with the ability to communicate with central energy man-
agement system. The control system can be purchased as an option
or installed in the field by the controls vendor. Typical supply air
conditions for a DOAS air-handling unit are shown in Table 10.
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Fig. 3 Cooling/Dehumidification Psychrometric Process of
Typical DOAS Air-Handling Unit in Figure 1
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Typical arrangements of DOAS integrated with local cooling and
heating systems are shown in Figure 4. Additional information on
DOAS systems can be found in Chapter 25 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment.

Systems with High Percentage of Outdoor Air. Air-handling
systems with a high percentage of outdoor air (above 30%) can be
found in several areas in educational facilities. To prevent indoor air
quality problems and conserve energy, an energy recovery module
can be added to pretreat the outdoor air before it is mixed with return
air. Figure 5 shows a typical rooftop packaged AC unit with energy
recovery module. See Chapter 26 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment for more information on energy
recovery equipment and systems.

The addition of an energy recovery module is dependent on the
percentage of outdoor air and the geographic location. See ANSI/
ASHRAE/IES Standard 90.1-2016, section 6.5.6.1, for the correla-
tion between geographic location and percentage of outdoor air
(OA). Checking the exceptions provided in that section is strongly
recommended.

Systems Selection by Application. Table 11 shows the applica-
bility of systems to areas in K-12 school facilities.

Displacement Ventilation and Active/Induction
Chilled Beams

Displacement Ventilation. The use of displacement ventilation
(as opposed to the more traditional mixing ventilation) for classrooms
has been extended for enhanced IAQ and thermal comfort. In dis-
placement ventilation, fresh air at colder temperature than the room
air is discharged close to the floor level, and warm air is exhausted at
or close to the ceiling. After being discharged at a low level, the colder
supply air rises as it is heated by heat sources (e.g., people, comput-
ers), also allowing effective removal of containments generated in the
room.

Guidelines and procedures for designing displacement ventila-
tion systems can be found in California Energy Commission (2006),
Chen and Glicksman (2003), Skistad et al. (2002), Chapter 20 of the

Fig. 4 Typical Schematic of DOAS with Local Classroom Cooling/Heating Terminal
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Table 10 Typical Design Criteria for DOAS Air-

Handling Unit
Supply Air Conditions? Minimum
Temperature, Humidity Ratio, Air Filtration
°C g/kg Efficiency, MERV?
Winter 18 to 20 4t06 8to 13¢
Summer 15910 18 6109 8to 13¢
Notes:

2Building location may dictate optimum supply condition in recommended range.

YFilter efficiency definition per ASHRAE Standard 52.2-2017.

MERV = minimum efficiency reporting values

°NAFA 2012

dRefer to ASHRAE Standard 90.1-2016, section 6.5.2.6. This standard restricts the
supply air temperature to 15°C; when required by the standard, this criterion should be
used.

2016 ASHRAE Handbook—HVAC Systems and Equipment, and
Chapter 58 of this volume.

Typical displacement ventilation systems for classrooms include
the following main subsystems (Figure 6):

DOAS air-handling unit that can cool and dehumidify outdoor air
to 15 to 17°C and 5 to 7 g/kg for summer, and heat air to 18 to
20°C for winter

Zone fan-powered terminal with sensible cooling capability (lo-
cated outside the conditioned zone)

Special displacement ventilation diffusers

Heating radiators or convectors placed below windows in perim-
eter zones

Control systems (thermostats and occupancy sensors)

In addition to the traditional displacement ventilation system
described previously, displacement ventilation with induction can
also be considered for classrooms. A displacement ventilation
system with induction uses special terminals to provide additional
cooling and heating with the displacement ventilation effect. These
terminals are not equipped with fans, resulting in lower noise levels
as required by more stringent noise criteria.

A displacement ventilation system with induction includes the
following main subsystems:

DOAS air-handling unit that can cool and dehumidify outdoor air
to 12 to 14°C and 5 to 7 g/kg for summer, and heat air to 18 to
20°C for winter

Zone displacement ventilation with induction terminal, equipped
with two- or four-pipe cooling and heating coil mounted along
perimeter walls and windows

Control systems (thermostats and occupancy sensors)

Active (Induction) Chilled Beams. Recently, the use of active/
induction chilled beams for classrooms and other areas in educa-
tional facilities has been extended for enhanced IAQ, thermal com-
fort, and energy conservation. As with displacement ventilation
with induction, an active/induction chilled beam terminal includes
special small air jets that induce room air to flow through cooling or
heating coils, depending on the system (two- or four-pipe). The pri-
mary air is outdoor air pretreated in a DOAS unit, as described
previously. Figure 7 shows the principle of active/induction chilled-
beam terminals.

Although more room space is required for chilled-beam induc-
tion, these systems allow significant size and capacity reductions in
air-handling systems, and decouple sensible cooling and heating
from ventilation and humidity control. Temperatures of chilled
water distributed to the chilled-beam terminals are typically ele-
vated to around 13°C, which can reduce energy consumption. Hot
water can be provided from a standard hot-water boiler at 66 to
82°C, or lower if condensing boilers applied.

An active/induction chilled-beam system typically includes the
following main subsystems:

* DOAS unit that can cool and dehumidify outdoor air to 12 to 14°C
and 5 to 7 g/kg for summer, and heat air to 18 to 20°C for winter

» Zone active/induction chilled-beam terminal, equipped with two-
or four-pipe cooling and heating

» Control systems (thermostats and occupancy sensors)

Specialized Equipment. Areas such as natatoriums and ice rinks
need specialized equipment to address the unique design require-
ments and the cooling, dehumidification, and heating characteristics.
Natatoriums typically use special units that can introduce large quan-
tities of outdoor air and allow active humidity control (mainly dehu-
midification). This equipment is similar to DOAS, and typically uses
chilled water or a DX system for dehumidification. For systems
with air-cooled condensers, condenser heat can be recovered to
heat the swimming pool. See Chapter 5 of this volume for more in-
formation on natatoriums. Similarly, an ice rink requires special
equipment; selection depends heavily on the school’s location and
seasonal use. Ice rink HVAC and dehumidification equipment can
be desiccant-based or self-contained mechanical refrigeration. See
Chapter 5 of this volume and Chapter 44 of the 2018 ASHRAE Hand-
book—Refrigeration for more information on ice rinks.

Chapters 27 and 28 of Harriman et al. (2001) also provide de-
tailed information on humidity control for natatoriums and ice
rinks, respectively.

Demand Control Ventilation (DCV). Demand control ventila-
tion can reduce the cost of operating the HVAC systems. To ensure
proper IAQ and comply with ASHRAE Standard 62.1-2016 and
local codes that allow DCV, the designer must carefully follow
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Fig. 6 Typical Displacement Ventilation System Layout

Table 11 Applicability of Systems to Typical Areas

Cooling/Heating Systems

Centralized Decentralized Heating Only
Fan Coil PSZ/ Geothermal Heat
VAV/  (Two-and SZ2Split/ PVAV/ Pump and Hybrid Baseboard/  Unit

Typical Area® Sz? Reheat  Four-Pipe) VREF3 Reheat  WSHP  Geothermal Heat Pump  Radiators Heaters
Classrooms X X X X X X X X
Laboratories and Science X X X X X X X X

Facilities®
Administrative Areas X X X X X X X X
Gymnasium® X X X X
Libraries X X X X X X X X
Auditorium® X X X X
Home Economics Room X X X X X X X X
Cafeteria® X X
Kitchen® X X X
Auto Repair Shop X
Industrial Shop X
Locker Rooms X X
Ventilation (Outdoor Air) DOAS d DOAS DOAS d DOAS DOAS DOAS  DOAS
SZ = single zone VAV = variable air volume PSZ = packaged single zone
PVAV = packaged variable air volume WSHP = water-source heat pump DOAS = dedicated outdoor air system
VRF = variable refrigerant flow
Notes:
387 and PSZ/SZ split for classrooms requires individual thermostatic control. °In some cases, these areas can be served by SZ, WSHP, and geothermal HP systems
bSystems for laboratories must comply with local codes and be in accordance with cur-  without OA from DOAS.

rent practices for laboratories. fWhen percentage of outdoor air dictates use of energy recovery in SZ or PSZ unit, OA
¢Systems and equipment for ice rinks and natatoriums not shown; refer to specialized for DOAS may not be required.

equipment section. £Special consideration is required for risk associated with refrigerant leaks. ASHRAE

dSpecial attention should be given for adequate OA supply in VAV applications without  Standards 15 and 34 should be consulted.
DOAS; consult ASHRAE Standard 62.1-2016 Section 6.2.5.

section 6.2.7 (Dynamic Reset) of the standard. Standard 62.1-2016 the area served by the HVAC system and the system type. Areas
explicitly allows use of CO, levels or occupancy to reset intake air- such as gymnasiums and auditoriums can benefit from CO,-based
flow in response to space occupancy levels. Pay special attention to DCV, commonly used in single-zone systems without DOAS,



Educational Facilities

VENTILATION AIR

'q

i

A
T

AN
AN

.l L
_/ L5’ / %
CEILING COIL coiL VENTILATION +

INDUCED INDUCED AIR
AR {1:3 RATIO)

| I—

Fig. 7 Typical Active/Induction Chilled-Beam Terminal
(Rumsey and Weale 2006)

serving one space with varying occupancy. In these cases, DCV
control is simple, reliable, and cost-effective. Systems such as mul-
tizone VAV with recirculated air without DOAS require special
attention to ensure adequate OA supply to multiple zones under
varying loads (such as classrooms). This problem complicates the
design, operation, and maintenance of DCV control systems and
also adds the cost of additional sensors.

A simpler approach for DCV is in systems that use DOAS: the
OA supply to each individual space can be controlled independently
by occupancy sensors that can reduce the OA to a preset value (and
also turn off the lights), or by CO, sensors (see Figure 4).

3. COLLEGES AND UNIVERSITIES

General and Design Considerations

College and university facilities can be comprised of a campus,
cluster of buildings, or a single isolated building. Some colleges and
universities have satellite campuses scattered throughout a city or a
state. The design criterion for each building is established by the
requirements of its users. The following are major facilities com-
monly found on college and university campuses.

Libraries/Learning Centers. Libraries and learning centers are
central to the purpose of modern college and university. A library
can be a collection of printed and electronic material and/or a place
where individuals or groups of students gather for study or other
academic activities. A typical library includes the following areas:

* Collection/stacks

* Library staff and services

* Main reading room

 Specialty areas (special collections, music and audiovisual re-
sources, computer areas, etc.)

* Support areas

Temperature and humidity control is needed for maintaining the
printed materials and the collections. Proper air distribution can be
challenging because of different ceiling heights, stacks, mezza-
nines, etc. Reading rooms require air supply without draft, and spe-
cial collections or rare books areas need a dedicated air-handling
system. Noise is also critical in libraries; an acoustic consultant
must review or be part of the mechanical design. See Chapter 24 for
specifics on HVAC design for libraries.

Academic Buildings and Professional Schools. These build-
ings accommodate classrooms, which are the core of the university
teaching and learning experience. There are two main categories of
classrooms, with several subcategories (Neumann 2003):

Flat-floor classrooms are typically rectangular, basic, and easily
reconfigurable for different teaching needs. In most cases, the number
of students is relatively low. Sometimes, a larger flat-floor room can
be subdivided to smaller rooms by folding or sliding partitions.
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Sloped-floor classrooms are used when the class size exceeds
that at which all students can see each other clearly in a flat-floor
classroom. Sloped-floor classrooms typically have more than 40 stu-
dents. Those with a capacity of 250 students or more are generally
referred as auditoriums, which require theater design consideration.

Academic buildings also have faculty offices and auxiliary areas
to support teaching activities. Professional schools are typically
allocated to a specific academic discipline. Each of these schools
has specific needs, depending on the academic requirements. The
HVAC design and systems for classrooms and other administrative
areas are similar to classrooms in high schools (see Table 11).

Science Teaching and Research Facilities. College and univer-
sity science facilities accommodate highly specialized areas for
teaching and research in several disciplines (e.g., chemistry, biol-
ogy, physics). Teaching facilities are designed mainly for group
instruction, typically with one or more instructors and 12 to 32 stu-
dents; an average-sized teaching lab can accommodate 24 students.
The laboratory should be designed to support a range of activities
for various courses: for example, a chemistry lab should be able to
handle introductory chemistry, organic chemistry, etc.

Research facilities can be part of a science teaching building or
grouped in a stand-alone research facility. Research facilities are
customized and designed for graduate and postgraduate students,
typically under the direction and supervision of several principal
investigators (PIs). Unlike teaching labs, which are designed for
large group instruction, research labs should be designed to accom-
modate the activities of individuals or small groups. Given poten-
tially hazardous activities in teaching and research labs, the most
critical factor in designing systems for labs is safety; this concern has
major implications on the design of HVAC and mechanical systems.

Teaching and research labs may contain fume hoods, machinery,
lasers, vivariums, areas with controlled environments, and depart-
mental offices. The HVAC systems and controls must be able to ac-
commodate diverse functions of the facility, which may have 24 h,
year-round operation, and yet be easy to service and quick to repair.
Variable-air-volume (VAV) systems can be used. Proper control
systems should be applied to introduce and extract the required
quantities of supply and exhaust air. Maintaining the required space
pressure differential to adjacent spaces and the minimum airflow
under all circumstances is extremely critical for safe laboratory op-
eration. Energy can be saved by recovering energy from exhaust air
and tempering outdoor makeup air. Pay special attention to con-
tainment in the exhaust air stream. Examine potential carryover of
air from exhaust to supply, and interaction with the energy recovery
device adsorbent for cases with total (sensible and latent) energy
recovery. In general, air exhausted from fume hoods should not be
used for energy recovery. Where heat recovery from fume hoods
exhaust is considered, careful coordination with the site health and
safety (H&S) officer is required. Other energy-saving systems used
for laboratory buildings include (1) active chilled beams (Rumsey
and Weale 2006), (2) ice storage, (3) heat reclaim chillers to pro-
duce hot water for domestic use or for booster coils in the summer,
and (4) cooling tower free cooling.

The design engineer should discuss expected contaminants and
concentrations with the owner to determine construction materials
for fume hoods and fume exhaust systems. Close coordination with
H&S personnel is vital for safe laboratory building operation. Back-
up or standby systems for emergency use should be considered,
such as alarms on critical systems. Maintenance staff should be
thoroughly trained in upkeep and repair of all systems, components,
and controls. For design criteria and other design information on
laboratories and vivariums, see Chapter 17, ANSI/AIHA Standard
79.5-2012, DiBerardinis et al. (2013), and McIntosh et al. (2001).
Additional information on energy conservation in labs can be found
on the Labs 21 web site (labs21benchmarking.lbl.gov/).
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Table 12 Housing Rooms Design Criteria?
Inside Design Conditions
Winter Summer Combined Noise, RC

Relative Relative Outdoor Air Filter (N);QAI<S5
Category Temperature Humidity? Temperature Humidity Rate® Exhaustd Efficiency® dB Levelf
Dorm, suite rooms 21 to 23°C 30 to 35% 23 t0 26°C 50 to 60% 11L/s NR 6 to 8 MERV 30
Apartments and studio rooms 21 to 23°C 30 to 35% 23 t0 26°C 50 to 60% 42.5L/s 37.5L/s 6 to 8 MERV 30
Couple and faculty housing 21to 23°C 30to 35% 23 t0 26°C 50 to 60% 42.5L/s 37.5L/s 6 to 8 MERV 30

NR = not required.

aThis table should not be used as the only source for design criteria. The data contained
here can be determined from ASHRAE handbooks, standards, and governing local
codes.

dMinimum recommended humidity.

Some research facilities include vivariums (animal facilities).
These spaces are commonly associated with laboratories, but usu-
ally have their own separate areas. Additional areas that can found
in vivariums are necropsy rooms, surgery suites, and other specialty
areas. Animal facilities need close temperature control and require
a significant amount of outdoor ventilation to control odors and pre-
vent the spread of diseases among the animals. Animal facilities are
discussed in Chapters 17 and 25, and by the National Research
Council (NRC 1996).

Housing

Student Housing. Housing is an integral part of student’s aca-
demic and social life. Student housing of the past had few amenities,
and for years the emphasis was on economy and reduced construc-
tion cost. Today, more housing administrators are changing this phi-
losophy by providing an enhanced, rich on-campus residential life.
Student and staff housing facilities include the following:

* Dormitories (residence halls)
* Suites

* Apartments and studios

* Couples housing

Dormitories (residence halls) are typically for freshman students.
Student living units are generally single- or double-occupancy
rooms that open directly to a corridor. The building can be a high
rise or low rise, depending on the setting or the location of the cam-
pus. Typically, there are two students per room, with one single-
occupancy room reserved for the resident assistant. On the ground
floor are public facilities, which may include a living room, recep-
tion desk, kitchen/lounge, and cafeteria. Dorm rooms often do not
have individual kitchens or bathrooms; communal bathrooms usu-
ally serve one floor.

Suites are typically occupied by older undergraduate students.
The suite plan typically connects four to six double-occupancy
sleeping room rooms with a shared bathroom and living room.

Apartments and studios are often occupied by upper-division
and graduate students, and are basically suites with kitchens and pri-
vate bathrooms. Apartments and studios are the most desirable
housing and are the most expensive because of their additional
plumbing and electrical systems.

Couples housing generally consists of one-, two-, or three-
bedroom apartments in separated complexes. A couples housing
facility may have a section for married couples, who often have
young children whose safety and security needs must be considered.
These facilities may have outdoor play areas and child care facilities.

Faculty Housing. Faculty members typically find housing out-
side the campus, but the high cost of local living has convinced
many universities that offering on-campus housing will attract the
best candidates to their academic institution. This type of housing is
similar to typical residential housing and can include duplexes,
apartments, townhouses, and single-family homes.

“Per ASHRAE Standard 62.1-2016, based on two occupants for room. For areas with
exhaust, ventilation is based on exhaust requirements.

dAir exhaust from bathroom, toilet, and kitchen areas.

¢Per ASHRAE Standard 52.2-2017.

fBased on Chapter 49.

Air conditioning in campus housing for students and faculty
should be quiet, easily adjustable, and draft free. Systems that require
little space and have low total owning and operating costs should be
selected. Table 12 lists design criteria for housing facilities.

Typically, decentralized systems with DOAS or air-to-air energy
recovery should be used for these applications:

* Water-source heat pumps (WSHPs), also known as water-loop
heat pumps (WLHPs)

* Geothermal heat pumps (groundwater heat pumps, ground-
coupled heat pumps)

+ Hybrid geothermal heat pumps (combination of groundwater heat
pumps, ground-coupled heat pumps, and an additional heat rejec-
tion device), where there is limited area for the ground-coupled
heat exchanger or where it is economically justified

* Light commercial split systems
Minisplit and variable-refrigerant-flow (VRF) units
* Fan-coil units

When dormitories are closed during winter breaks, the heating
system must supply sufficient heat to prevent freeze-up. If the dor-
mitory contains non-dwelling areas, such as administrative offices
or eating facilities, these facilities should be designed as a separate
zone or with a separate system for flexibility, economy, and odor
control. Solar energy can be considered for domestic hot water
(DHW).

Athletics and Recreational Facilities

College and university sports facilities ranging from large arenas
for ice hockey, basketball, and other spectator sports, to small gym-
nasiums and fitness centers. College sports activities are heavily
influenced by intercollegiate sports, which are governed by exten-
sive standards and regulations of the National Collegiate Athletic
Association (NCAA). A university’s participation in intercollegiate
sports is well known to be an important revenue source and is often
critical in prospective students’ decision-making processes. Typical
sports facilities that can be found in universities campuses are

* Collegiate arenas (indoor sport arenas dedicated to a particular
sport, or multipurpose)
Gymnasiums (for activities such as physical education)

Field houses (for outdoor activities to be played indoors during
bad weather)

Natatoriums

Recreation centers (multipurpose activity courts, fitness/weight
room)

Chapter S of this volume covers design practices for several of
these facilities. For ice rinks and arenas, consult Chapter 44 of the
2018 ASHRAE Handbook—Refrigeration and Chapter 27 of
Harriman et al. (2001) (which covers natatoriums, as well).
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Social and Support Facilities

Social and support facilities and campus centers include com-
mon areas designed to improve and expand student services: for
example, auditoriums, lounges, lobbies, dining and food services,
offices and administration, libraries, cafés and snack bars, class-
rooms, meeting rooms, bookstores and other retail areas, banks,
printing shops, etc. Given this variety of applications, the reader
should refer to Chapters 2, 3, 5, 24, and 34 of this volume and other
application-specific sources for the design of HVAC&R systems for
these areas.

Cultural Centers

Universities and colleges with cultural facilities and academic
programs such as music, theater, dance, and visual arts enhance the
cultural and artistic lives of students. The two main cultural facili-
ties are performing arts and visual arts centers. Several areas are
common for both these areas are

* Public support areas, which include lobby, student common,
café, gift shop, box office, coat room, and restroom facilities

* Administration/faculty areas, including offices, administration
areas, and conference rooms

* Back of the house, such as loading docks, shipping and receiv-
ing, maintenance and building operation, mechanical rooms, and
control rooms

Unique areas for performing arts are

* Performance spaces, including seating areas, stage, orchestra

pit, dimmer room, audio rack room, and lighting and sound

control

Backstage/performer support, such as the green room, dressing

rooms, wardrobe, laundry, and storage

* Theater, music, and dance instruction areas, which include
rehearsal rooms, dance studios, instrumental rehearsal rooms, lis-
tening labs, and music and instrument storage

Unique areas for visual arts are

* Museums, which include art galleries, workrooms, art storage,
and conservation areas

* Fine arts instruction rooms, comprising design, drawing, paint-
ing, print making studios, photographic darkrooms, and library

« General arts instruction, such as lecture halls, classrooms, sem-
inar rooms, and computer labs

Cultural centers encompass a large number of specialty areas,
and careful attention required when designing, constructing, and
maintaining the HVAC&R systems. Consult Chapters 2, 3, 5, and 24
for details.

Central Utility Plants

Universities and college campuses typically have large central
utility plants or smaller mechanical rooms serving an individual
building or cluster of buildings. The central utility plants can supply
chilled water, steam, and electrical power or only steam or chilled
water. In these cases, chilled water, steam, or hot water is generated
at a building level or in one smaller utility plant serving a cluster of
buildings. The setup depends heavily on site constraints, including
geographic location. The central utility plant comprises chillers,
boilers, steam specialties, primary and secondary pumps, cooling
towers, heat exchangers, combined heat and power (CHP) prime
movers, and CHP auxiliary equipment, electrical power transform-
ers, switchgears, control systems, etc. In the 2016 ASHRAE Hand-
book—HVAC Systems and Equipment, see Chapter 3 for design of
central heating and cooling plants, Chapter 7 for CHP, Chapter 11
for steam systems, and Chapter 12 for district heating and cooling.
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In addition to accommodating the mechanical and electrical
equipment, central utility plants also house engineering, operation,
and maintenance personnel. Central plants are not conditioned but
generally are heated and ventilated; storage areas, shops, and other
support areas are heated, ventilated, or cooled, depending on the
use. Offices, administration areas, and control rooms are typically
fully conditioned.

Where economically justifiable, chilled water and steam can be
purchased from an independent operator.

Central plant optimization tools have been gaining momentum
for large campuses, allowing optimal operation of central utility
plants containing on-site power generation, chiller plants, heating
plants, and storage systems. The section on Selected Topics on
Energy and Design provides information on these systems.

4. SUSTAINABILITY AND ENERGY
EFFICIENCY

Embrace of the principles of sustainable design on the part of the
educational community has increased in recent years. Begun as a
means to educate the students in conserving earth resources, this
approach also provides benefits such as enhanced IAQ and lower
operating costs.

There are several definitions of sustainability, green buildings,
and high-performance buildings. In the context of this chapter, these
terms refer to a building that minimizes the use of energy, water, and
other natural resources and provides a healthy and productive in-
door environment (e.g., IAQ, lighting, noise). The HVAC&R de-
signer plays a major role in supporting the design team in designing,
demonstrating, and verifying these goals, particularly in the areas of
energy efficiency and indoor environmental quality. Because energy
efficiency is the area of expertise of the HVAC&R designer, this sec-
tion covers these topics in more detail.

Several tools and mechanisms are available to assistthe HVAC&R
designer in designing sustainable educational facilities; the follow-
ing are the most common tools:

Advanced Energy Design Guide (AEDG) for K-12 Schools

The Advanced Energy Design Guide for K-12 Schools (ASHRAE
2008) was developed to help designers of K-12 facilities achieve
energy savings of at least 30% compared to ANSI/ASHRAE/IESNA
Standard 90.1-1999.

An updated version of the Advanced Energy Design Guide for
K-12 Schools (ASHRAE 2011) is also available to help designers
of K-12 facilities achieve energy savings of at least 50% compared
to ANSI/ASHRAE/IESNA Standard 90.1-2004. Most recently,
Advanced Energy Design Guide for K-12 School Buildings—
Achieving Zero Energy (ASHRAE 2018) is available to help
designers to achieve net zero energy.

These guides provide recommendations for energy-efficient de-
sign based on geographic location, covering issues such as enve-
lope, lighting, HVAC, and service water heating (SWH), and can be
found online through the ASHRAE Bookstore.

ASHRAE/USGBC/IES Standard 189.1-2014

This standard provides minimum requirements for the siting,
design, construction, and plan for operation of high-performance
green buildings to

» Balance environmental responsibility, resource efficiency, occu-
pant comfort and well-being, and community sensitivity

* Support the goal of development that meets the needs of the pres-
ent without compromising the ability of future generations to
meet their own needs.

This standard provides minimum criteria that apply to the fol-
lowing elements of building projects:
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* New buildings and their systems
* New portions of buildings and their systems
* New systems and equipment in existing buildings

The standard addresses site sustainability, water use efficiency,
energy efficiency, indoor environmental quality (IEQ), and the
building’s impact on the atmosphere, materials, and resources.

Leadership in Energy and Environmental Design
(LEED®)

Many schools are seeking LEED certification from the U.S.
Green Building Council (USGBC). The LEED for Schools (USGBC
2009a) rating system is unique to the design and construction of K-
12 schools.

The system awards credits in seven categories:

. Sustainable sites (SS)

. Water efficiency (WE)

. Energy and atmosphere (EA)

. Materials and resources (MR)

. Indoor environmental quality (IEQ)
. Innovation and design process (ID)
. Regional priority (RP)

NN AW~

Categories 1 to 5 include prerequisites, which are mandatory for
certification, and credits. The last two categories are credits only.

Typically, the HVAC&R designer is heavily involved in the
(1) energy and atmosphere and (2) indoor environmental quality
categories. In the EA category, the HVAC&R designer, along with
the architect, electrical engineers, and plumbing engineers, demon-
strates compliance with prerequisite EA 2 by using the following
procedures:

* Option 1: Whole-building energy simulation, by demonstrating
10% improvement (for new construction) or a 5% improvement
in the proposed building performance rating for major renova-
tions to existing buildings over ANSI/ASHRAE/IESNA Standard
90.1-2007, appendix G. Projects registered after April 7, 2016,
are subject to the four-point mandatory minimum, and must
demonstrate an 18% improvement in the proposed building per-
formance rating for new building or 14% improvement in the
proposed building performance for major renovation to existing
buildings compared to the baseline building performance rating.

* Option 2: Prescriptive compliance path, for less than 18 600 m?,
using Advanced Energy Design Guide for K-12 Schools
(ASHRAE 2008). With this option, the project needs to comply
with all the prescriptive measured identified in ASHRAE (2008)
and also comply with all applicable criteria as established in the
guide for the climate zone in which the building is located. Proj-
ects outside the United States may use ASHRAE/ASHRAE/
IESNA Standard 90.1-2007, Appendices B and D, to determine
the appropriate climate zone. This option is not available for proj-
ects registered after April 7, 2016, to meet the four-point manda-
tory minimum.

* Option 3: Prescriptive compliance path: Advanced Buildings™
Core Performance™ Guide, developed by the New Buildings
Institute (2007). This option is applicable for buildings less
than 9300 m2.

Additional EA credits can be obtained by demonstrating addi-
tional energy cost savings compared to the ANSI/ASHRAE/IESNA
Standard 90.1-2007’s Appendix G and from other sections of the EA
group, such as on-site renewable energy, enhanced commissioning,
measurement and verification, and green power. In addition, the
HVAC&R designer is involved in issues of indoor environmental
quality; these issues are typically associated with minimum and
enhanced ventilation, acoustics, thermal comfort, controls,
daylighting, mold prevention, etc.

2019 ASHRAE Handbook—HVAC Applications (SI)

Details and additional information on new construction and major
renovations of K-12 facilities or previous editions of LEED for
schools can be found on the USGBC web site at new.usgbc.org
/leed.

For existing schools, the LEED rating system for existing build-
ings can be applied (see USGBC web site).

ENERGY STAR for K-12 Facilities

Similarly to appliances, a building or manufacturing plant can earn
the ENERGY STAR label. An ENERGY STAR-qualified facility
meets strict energy performance standards set by the U.S. EPA and
uses less energy, is less expensive to operate, and causes fewer green-
house gas emissions than its peers. To qualify, a building must score
in the top 25% based on the EPA’s National Energy Performance
Rating System, which considers energy use among other, similar
types of facilities (including K-12 educational facilities) on a scale of
1 to 100. This rating system accounts for differences in operating con-
ditions, regional weather data, and other important considerations.

To determine eligibility for the ENERGY STAR label, as well
as LEED-EB certification, the EPA’s free online tool, Portfolio
Manager, can be used (www.energystar.gov/benchmark). If the
school facility scores 75 or higher (of a maximum of 100) using
Portfolio Manager, a professional engineer will verify and approve
the analysis. Detailed procedures for earning the ENERGY STAR
labels can be found at www.energystar.gov, including case studies,
useful information for educational facilities, and a list of profes-
sional engineers who provide free verification services. A data-
base of ENERGY STAR labeled K-12 schools can be found online
as well.

Collaborative for High Performance Schools (CHPS)

CHPS (www.chps.net) is leading a national movement to
improve student performance and the entire educational experience
by building the best possible schools. CHPS provides useful infor-
mation for designing and maintaining high-performance schools.
The following is a list of best practices and information available
from CHPS:

* Planning for high-performance schools

* Design for high-performance schools

* Maintenance and operations of high-performance schools
* Commissioning of high-performance schools

» High-performance relocatable classrooms

In addition, lists of CHPS criteria for several states are available.

Laboratories for the 21st Century (Labs21)

Laboratories for the 21st Century (Labs21; EPA [2010]) is
designed to meet the needs of facility designers, engineers, owners,
and facility managers of laboratory and similar high-performance
facilities. Cosponsored by the EPA and DOE, Labs21 offers the
opportunity for worldwide information exchange and education.

The primary guiding principle of the Labs21 approach is that
improving a facility’s energy efficiency and environmental perfor-
mance requires examining the entire facility from a whole-building
perspective. This perspective allows owners to improve the effi-
ciency of the entire facility, rather than focusing on specific building
components. The Labs21 program provides excellent information
for laboratory design, energy conservation, best practices, and tools,
such as the following:

Introduction to low-energy design

Design guide for energy-efficient research labs
Best practice guides

* Case studies

» Energy benchmarking

Laboratory equipment efficiency wiki
Environmental performance criteria


www.energystar.gov/benchmark
www.energystar.gov
www.chps.net
usgbc.org/leed
usgbc.org/leed
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Table 13 Examples of Domestic and International
Rating Systems

Rating System
BRE Environmental Assessment Method (BREEAM) U.K.

Country

Comprehensive Assessment System for Building Japan
Environmental Efficiency (CASBEE)
Germany Sustainable Building Certificate (DGNB) Germany
Green Building Evaluation Standard (Three-Star China
System)
Green Globes System Canada
Green Star Australia
Hong Kong Building Environmental Assessment China
Method (HK-BEAM) (Hong Kong only)
National Green Building Standard United States

* Design intent tool
» Labs21 design process manual

Additional information can be found at Ibt.i2sl.org.

EnergySmart Schools

The EnergySmart Schools (U.S. DOE 2009) program provides
energy efficiency information on planning, financing, design build
and operation and maintenance of schools at www.energy.gov/sites
/prod/files/2013/11/f5/ess_o-and-m-guide.pdf.

Other Domestic and International Rating Systems

Additional domestic and international systems are shown in
Table 13.

5.  ENERGY CONSIDERATIONS

Energy standards such as ANSI/ASHRAE/IESNA Standard 90.1-
2016 and local energy codes should be followed for minimum
energy conservation criteria. Because the HVAC&R designer deals
mostly with the mechanical systems, Table 14 presents a list of
selected energy conservation measures. Note that additional mea-
sures such as modifications to lighting, motors/drives, building
envelope, and electrical services should be considered for energy
reduction. Energy procurement or supply-side opportunities should
also be investigated for energy cost reduction.

6. ENERGY MEASUREMENT AND
VERIFICATION (M&V)

Energy measurement and verification (M&V) is the process of
measuring and verifying both energy and cost savings resulting
from implementation of an energy conservation measure. An energy
conservation measure is defined as the installation or modification
of energy-using equipment, or systems, for the purpose of reducing
energy use and/or costs.

M&V should be used by anyone wishing to prove the achieve-
ment of savings in utility resources (e.g., energy, water) delivered
through any type of savings project or program. This typically
includes

* Building owners and managers

« Facility managers, plant and process engineers,

* Energy service companies (ESCO) and other energy services pro-
fessionals, such as energy auditors and energy management con-
sultants, who provide advice or deliver energy savings through an
energy performance (EPC), or other contracting arrangements

Energy M&V essentially compares energy use before and after
an energy retrofit, taking into account and adjusting for non-retrofit
changes (e.g., weather, occupancy schedules) that affect energy use.
These variables must be removed to objectively calculate the energy
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savings from the energy conservation measure. Chapter 42 provides
additional information on M&V.

The following is a short overview of M&V methodologies from
the two major authorities. Other sources for M&V include DOE
(2015) and EVO (2018).

ASHRAE Guideline 14-2014

ASHRAE Guideline 14-2014 is a reference for calculating
energy and demand savings associated with performance contracts.
In addition, it sets forth instrumentation and data management
guidelines and describes methods for accounting for uncertainty
associated with models and measurements; for compliance, the
overall uncertainty of savings estimates must be below prescribed
thresholds. It does not discuss other issues related to performance
contracting. Guideline 14 describes three M&V procedures. The
three approaches are closely related to and support the options pro-
vided in the International Performance Measurement and Verifica-
tion Protocol IPMVP) (EVO 2018):

* Whole-building approach. This approach uses a main meter to
measure energy flow to the whole building, a group of buildings,
or separate sections of a building. Energy flow is usually electric,
gas, oil, and thermal. One or more of the systems served by the
meter may have energy conservation measures (ECMs) applied.
This approach may involve using monthly utility bill data, or data
gathered more frequently from a main meter.

* Retrofit isolation approach. This approach uses meters to iso-
late energy use and/or demand of ECM-controlled subsystems
(e.g., lighting, chiller, boiler) from that of the rest of the facility.
These measurements may be made once before and once after the
retrofit, periodically, or continuously. Savings derived from iso-
lated and metered systems may be used as a basis for determining
savings in similar but unmetered systems in the same facility, if
they are subjected to similar operating conditions throughout the
baseline and post-retrofit periods.

* Whole-building calibrated simulation approach. This approach
involves using a computer simulation tool to create a model of the
facility’s energy use and demand. The model, which is typically of
pre-retrofit conditions, is calibrated or checked against actual mea-
sured energy use and demand data, and possibly other operating
data. The calibrated model is then used to predict energy use and
demand under post-retrofit conditions. Savings are derived by
comparing modeled results under the two sets of conditions, or by
comparing modeled and actual metered results.

International Performance Measurement and
Verification Protocol (IPMVP; 2007)

The IPMVP groups M&V methodologies into four general cate-
gories (Table 15).

The options are generic M&V approaches for energy and water
saving projects. As in ASHRAE Guideline 14, the IPMVP M&V
approaches are divided into two general types: retrofit isolation and
whole facility. Retrofit isolation methods look only at the affected
equipment or system independent of the rest of the facility; whole-
facility methods consider the total energy use and deemphasize spe-
cific equipment performance.

7. SELECTED TOPICS IN ENERGY AND DESIGN

Energy Efficiency and Integrated Design Process (IDP)

An integrated design process (IDP) is vital for the design of high-
performance educational facilities. Chapter 60 covers the concept of
integrated building design (IBD) and IDP in detail, and additional
information can be found on the Northwest Energy Efficiency Alli-
ance’s BetterBricks web site (www.betterbricks.com/solutions

/integrated-design).



www.energy.gov/sites/prod/files/2013/11/f5/ess_o-and-m-guide.pdf
www.energy.gov/sites/prod/files/2013/11/f5/ess_o-and-m-guide.pdf
www.betterbricks.com/solutions/integrated-design
www.betterbricks.com/solutions/integrated-design
lbt.i2sl.org

8.16

2019 ASHRAE Handbook—HVAC Applications (SI)

Table 14 Selected Potential Energy Conservation Measures

Category Description Category Description
HVAC air side DDC systems upgrade Steam and Steam distribution pressure control
Variable-speed drives on fan motors chilled-water  Steam trap repair/replacement/program
Conversion from constant volume (CV) to variable air distribution  Jngylation repairs/upgrade
volume (VAV) Piping balancing
Air-side economizer . .
. . Variable-speed pumping
Temperature set point adjustments Pri / d L
Exhaust fume hood controls modifications rimary .secon ary piping .
Reheat minimization Conversion from constant flow to variable flow
DOAS and air-to-air energy recovery
Destratification fans Energy LAN systems/network interfacing
Airflow reduction and air-side retrocommissioning in management  Equipment sequencing
laboratories and control Conversion to DDC system
Active chilled beams (classrooms, laboratories, etc.) systems

Natural ventilation (where applicable)
Evaporative cooling (where applicable)

Chiller plants  Chiller plant operation optimization (hydronic system)

Chiller(s) replacement

Chiller energy source switching

Heat recovery (from CHP) driven chiller

Cooling tower repair, optimization, replacement

Cooling tower water treatment optimization

Cooling tower fans conversion to variable speed

Water-side free cooling

Conversion of DX system to chilled water

Offline chiller isolation

Chilled/condenser water temperature reset

Thermal storage

Boiler plants  Boiler optimization/replacement

Burner optimization/replacements

Oxygen and excess air trim controls

Conversion of linkage-based burner control to parallel
positioning (servo motors)

Dual-fuel switching/capability

Boiler heat recovery (stack economizer)

Condensing boilers

Boiler temperature reset

Offline boiler isolation

Automatic blowdown control

Blowdown heat recovery

Condensate systems upgrade and optimization

Feed water delivery improvements

Water treatment optimization

Space temperature setback and setup

Demand control ventilation (DCV)

Chiller plant efficiency monitoring (see ASHRAE Guideline
22-2008)

Boiler plant efficiency monitoring (steam flow and gas flow)

Duty cycling

Chiller plant control optimization

Boilers sequencing optimization

Load shedding

Remote communications

Equipment performance and energy use monitoring

Preventive/predictive maintenance

Automated/web-based fault detection and diagnostics (FDD)

Airflow and water flow measurements

Energy metering and submetering

Emissions and/or CO, tracking

Central plant ~ Combined heat and power (CHP)
supply side and Solar energy (thermal)
renewable Photovoltaic applications
energy Wind energy
Geothermal energy and hybrid geothermal systems

Domestic hot
water

Condensing water heaters

Demand (tankless or instantaneous) water heaters
Heat pump water heaters

Solar domestic water heater and pool water heating

Source: Adapted from Petchers (2002).

Unlike the sequential design process (SDP), in which the ele-
ments of the built solution are defined and developed in a systematic
and sequential manner, the integrated design process (IDP) encour-
ages holistic collaboration of the project team during all phases of
the project, resulting in cost-effective and environmentally friendly
design. IDP is accomplished by responding to the project objectives,
typically established by the owner before team selection. A typical
IDP approach includes the following elements:

* Owner planning

* Predesign

* Schematic design
 Design development

* Construction documents
* Procurement
 Construction

* Operation

Detailed information on each element can be found in Chapter 60.

In high-performance buildings, the objectives are typically
related to site sustainability, water efficiency, energy and atmo-
sphere, materials and resources, and indoor environmental quality.
These objectives are in fact the main components of several rating
systems. As indicated previously, the HVAC&R designer is heavily
involved in meeting energy efficiency objectives. Energy use objec-
tives are typically the following:

* Meeting minimum prescriptive compliance (mainly local energy
codes, ANSI/ASHRAE/IESNA Standard 90.1, etc.)

» Improving energy performance by an owner-defined percentage
beyond the applicable code benchmark

* Demonstrating minimum energy performance (or prerequisite)
and enhanced energy efficiency (for credit points) for sustainable
design rating (e.g., USGBC; LEED®; energy and atmosphere
using ANSI/ASHRAE/IESNA Standard 90.1, Appendix G)
Providing a facility/building site energy density (e.g., energy uti-
lization index [EUI]) less than an owner-defined target (e.g., EPA,
ENERGY STAR’s Portfolio Manager)
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Table 15 IPMVP M&V Options
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M&YV Option

Performance? and Usage® Factors

Savings Calculation

Option A:

Retrofit isolation with
key parameter
measurement

Option B:

Retrofit isolation with
all-parameter
measurement

Option C:
Utility data analysis
(whole facility)

Option D:
Calibrated computer
simulation (retrofit
isolation or whole
facility)

Based on combination of measured and estimated factors when variations in factors are
not expected.

Measurements are spot or short-term and taken at component or system level, in both
baseline and postinstallation cases.

Measurements should include key performance parameter(s) that define ECM’s energy
use. Estimated factors are supported by historical or manufacturer’s data.

Savings determined by engineering calculations of baseline and postinstallation energy
use based on measured and estimated values.

Based on periodic or continuous measurements of energy use taken at the component
or system level when variations in factors are expected.

Energy or proxies of energy use are measured continuously. Periodic spot or short-term
measurements may suffice when variations in factors are not expected.

Savings determined from analysis of baseline and reporting period energy use or
proxies of energy use.

Based on long-term, continuous, whole-building utility meter, facility level, or
submeter energy (or water) data.

Savings determined from analysis of baseline and reporting-period energy data.
Typically, regression analysis is conducted to correlate with and adjust energy use to
independent variables such as weather, but simple comparisons may also be used.

Computer simulation software is used to model energy performance of a whole facility
(or subfacility). Models must be calibrated with actual hourly or monthly billing data
from the facility.

Implementation of simulation modeling requires engineering expertise. Inputs to the
model include facility characteristics; performance specifications of new and existing
equipment or systems; engineering estimates, spot-, short-term, or long-term mea-
surements of system components; and long-term whole-building utility meter data.

After the model has been calibrated, savings are determined by comparing a simulation

of the baseline with either a simulation of the performance period or actual utility data.

Direct measurements and estimated values,
engineering calculations and/or
component or system models often
developed through regression analysis.

Adjustments to models are not typically
required.

Direct measurements, engineering
calculations, and/or component or system
models often developed through regression
analysis.

Adjustments to models may be required.

Based on regression analysis of utility
meter data to account for factors that drive
energy use.

Adjustments to models are typically
required.

Based on computer simulation model (e.g.,
eQUEST) calibrated with whole-building,
end-use metered data, or both.

Adjustments to models are required.

Source: FEMP (2008).

aPerformance factors indicate equipment or system performance characteristics, such as kW for a chiller or watts/fixture for lighting.
bOperating factors indicate equipment or system operating characteristics such as annual cooling ton-hours for chillers or operating hours for lighting.

* Providing a facility/building source energy density less than an
owner-defined target

* Deriving an owner-defined percentage of facility source energy
from renewable energy

Building Energy Modeling

Building energy modeling has been one of the most important
tools in the process of IDP and sustainable design. Building energy
modeling uses sophisticated methods and tools to estimate the en-
ergy consumption and behavior of buildings and building systems.
To better clarify the concept of energy modeling, the difference
between HVAC sizing and selection programs and energy modeling
tools will be described.

Design, sizing selection, and equipment sizing tools are typically
used for design and sizing of HVAC&R systems normally at the
design point. Examples include the following:

* Cooling/heating loads calculations tools

* Ductwork design

* Piping design

* Acoustics

* Equipment selection programs for air-handling units, packaged
rooftop units, fans, chillers, pumps, diffusers, etc.

These tools are used to specify cooling and heating capacities,
airflow, water flow, equipment size, etc., at a design point as defined
and agreed by the client.

Energy modeling (or building modeling and simulation) is used
to model the building’s thermal behavior and the performance of
building energy systems. Unlike design tools, which are used for
one design point or for sizing, the building energy simulation ana-
lyzes the building and its systems up to 8760 times (or hour-by-hour,
or in some cases in smaller time intervals).

A building energy simulation tool is a computer program
consisting of mathematical models of building elements and
HVAC&R equipment. To run a building energy simulation, the user
must define the building elements, equipment variables, energy
cost, and so on. After these variables are defined, the simulation
engine solves mathematical models of the building elements, equip-
ment, etc., typically through a sequential process, 8760 times (one
for every hour). Results include annual energy consumption, annual
energy cost, hourly profiles of cooling loads, and hourly energy con-
sumption. Chapter 19 of the 2017 ASHRAE Handbook—Funda-
mentals provides detailed information on energy modeling
techniques.

Typically, energy modeling tools (or building energy simulation
programs) have to meet minimum requirements to be accepted by
rating authorities such as the USGBC and local building codes. The
following is a typical minimum modeling capabilities for building
energy simulation program:

* 8760 h per year

* Hourly variations in occupancy, lighting power, miscellaneous
equipment power, thermostat set points, and HVAC system oper-
ation are defined separately for each day of the week and holidays

» Thermal mass effects

* Ten or more thermal zones

* Part-load performance curves for mechanical equipment

* Capacity and efficiency correction curves for mechanical heating
and cooling equipment

* Air-side economizers with integrated control

» Capable of performing design load calculations to determine
required HVAC equipment capacities and air and water flow rates
in accordance with generally accepted engineering standards and
handbooks (e.g., ASHRAE Handbook—Fundamentals)

* Testing according to ASHRAE Standard 140
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Energy modeling is typically used for the following applications:

* As a decision support tool to analyze several design alternatives
and select the optimal solution for a given set of criteria for energy
systems in new construction and retrofit projects.

* To provide vital information to the engineer about the building
behavior and systems performance during the design stage

» To demonstrate compliance with energy standards such as ASH-

RAE Standard 90.1, section 11 (energy cost budget method)

To support LEED certification in the energy and atmosphere (EA)

section

» To model existing buildings and systems and analyze proposed
energy conservation measures (ECMs) by performing calibrated
simulation

* To demonstrate energy cost savings as part of measurements and
verification (M&V) protocol by using calibrated simulation pro-
cedures

Energy modeling is used intensively in LEED for Schools
(USGBC 2009a), energy and atmosphere (EA), prerequisite 2 (min-
imum energy performance), and for EA credit 1 (optimize energy
performance). An energy simulation program meeting the pre-
ceding requirements and those of ASHRAE Standard 90.1, Appen-
dix G, is used to perform whole-building energy simulation to
demonstrate energy cost savings. The number of credits awarded is
in correlation to the energy cost reduction. ASHRAE Standard
90.1-2016 added another simulation-based compliance path based
on Appendix G (Performance Rating Method).

Energy Benchmarking and Benchmarking Tools

Energy benchmarking is an important element of energy use
evaluation and tracking, comparing a building’s normalized energy
consumption to that of other similar buildings. The most common
normalization factor is gross floor area. Energy benchmarking is
less accurate than other energy analysis methods, but can provide a
good overall picture of relative energy use.

Relative energy use is commonly expressed by an energy utiliza-
tion index (EUI), which is the energy use per unit area per year. Typ-
ically EUI is defined in terms of MJ/m? per year. In some cases, the
user is interested in energy cost benchmarking, which is known as
the cost utilization index (CUI), with units of $/m?2 per year. It is
important to differentiate between site EUI and source EUI Build-
ing energy use can be reported as the actual energy used on site (i.c.,
site EUI), or as energy used at the energy source (i.e., source EUI).
About two-thirds of the primary energy that goes into an electric
power plant is lost in the process as waste heat.

One of the most important sources of energy benchmarking data
is the U.S. DOE Energy Information Administration’s (DOE/EIA)
Commercial Building Energy Consumption Survey (CBECS).
Table 2 of Chapter 37 shows an example of EUI calculated based on
DOE/EIA 2003 CBECS. As shown in that table, the mean site EUI
for high schools is 765 MJ/yr per square meter.

The following is a list of common energy benchmarking tools:

* U.S.EPAENERGY STAR Portfolio Manager (www.energystar

.gov/benchmark)
» Labs 21 for laboratory energy benchmarking (Ibt.i2sl.org)

An example of laboratory energy benchmarking (in I-P units) is
shown in Figure 8.

Comprehensive information on energy benchmarking and
available benchmarking tools can be found in Glazer (2006) and

Chapter 37.

Combined Heat and Power in Educational Facilities

Combined heat and power (CHP) plants and building cooling,
heating, and power (BCHP) can be considered for large facilities
when economically justifiable. Chapter 7 of the 2016 ASHRAE
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Fig. 8 Example of Laboratory Building Energy
Benchmarking (Labs 21)

Handbook—HVAC Systems and Equipment and other sources such
as Meckler and Hyman (2010), Orlando (1996), Petchers (2002),
and ASHRAE’s Combined Heat and Power Design Guide (2015)
provide information on CHP systems. Additional Internet-based
sources for CHP include the following:

» U.S. EPA Combined Heat and Power (CHP) Partnership, at www
.epa.gov/chp/

» U.S. Department of Energy, Office of Energy Efficiency and Re-
newable Energy, at www.energy.gov/eere/

» The U.S. DOE Midwest CHP Technical Assistance Partnership,
at www.midwestchptap.org

A market analysis report by Ryan (2004) clearly suggests that
secondary schools (9-12) are more suitable for BCHP than primary
schools, because secondary schools

* Are more likely to operate 12 months a year

* Are more likely to contain an indoor swimming pool facility

 Are more likely to operate into the evenings and weekends, allow-
ing longer period of BCHP operation

» Typically contain gymnasiums with shower facilities

The EPA’s Combined Heat and Power (CHP) Partnership web site
can be consulted for procedures of conducting feasibility studies
and evaluations for CHP integration.

Maor and Reddy (2008) describe a procedure to optimally size
the prime mover and thermally operated chiller for a large school by
combining a building energy simulation program and a CHP opti-
mization tool.

A database of CHP installations is available at doe.icfwebservices
.com/chpdb/.

CHP is more common for large colleges and universities than
for primary or secondary schools, given their larger scale and abil-
ity to use waste heat efficiently. Because many large colleges and
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universities are equipped with large district cooling and heating
facilities, the integration of CHP can be very cost effective.

The type of prime mover depends heavily on the electrical and
thermal loads, ability to use the waste heat efficiently, and utility
rates. Typically, schools are good candidates for gas-fired reciprocat-
ing engine prime movers or microturbine-based systems. Large uni-
versities can use reciprocating engine prime movers or gas-fired
combustion turbines. Table 1 in Chapter 7 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment provides information on
the applicability of CHP.

Renewable Energy

The U.S. Department of Energy’s Office of Energy Efficiency
and Renewable Energy (EERE) (U.S. DOE 2014; www.energy.gov
/eere) discusses several renewable energy (RE) options for schools,
including solar, wind, and biomass.

Renewable energy utilization can add credits for USGBC LEED
for Schools (USGBC 2009a), energy and atmosphere (credit 2) by
awarding credits depending on the percentage of renewable energy
used.

Given the increased number and popularity of solar systems in
educational facilities, only these systems will be discussed in this
chapter. Geothermal energy is also considered renewable; these sys-
tems are discussed earlier in this chapter and in Chapter 35.

Solar: Photovoltaic. Photovoltaic (PV) technology is the direct
conversion of sunlight to electricity using semiconductor devices
called solar cells. Photovoltaics are almost maintenance-free and
seem to have a long lifespan. Their longevity, lack of pollution, sim-
plicity, and minimal resource requirements make this technology
highly sustainable, and, along with the proper financing mechanisms
(as explained later), these systems can be economically justifiable.

Educational facilities are excellent candidate for PV technology
due to the following reasons:

* Availability of large roof area or (in some cases) areas suitable for
PV canopies

» Hours and seasons of operation

» Educational as a showcase of renewable energy technologies

The most common PV cell technology in use today is crystalline
silicon, which uses silicon wafers wired together and attached to a
module substrate. Crystalline silicon cells may be monocrystalline
or polycrystalline, with the monocrystalline cells typically having a
higher efficiency and correspondingly higher cost. Thin-film PV
technologies, such as amorphous silicon and cadmium-telluride, are
based on depositing chemicals directly onto a substrate (e.g., glass
or flexible stainless steel). The cost of producing crystalline silicon
PV modules has dropped dramatically in recent years, and as a
result, crystalline silicon technology currently accounts for over
90% of PV module production worldwide.

PV modules produce direct current (DC), not the alternating cur-
rent (AC) used to power most building equipment. Thus, an inverter
is required to transform the DC power to grid-quality AC power.
The simplest type of PV installation is a grid-connected system that
operates when the utility grid is operating and shuts down in the
event of a utility grid outage. Adding storage batteries to the system
increases cost but can also add functionality, such as the ability to
operate the PV/storage during a grid outage to provide back-up
power, or the ability to deploy energy storage to reduce peak cus-
tomer demand at a facility. Design and installation of PV systems
require careful evaluation and engineering expertise to accommo-
date issues such as availability of spaces, installation type (roof,
parking canopy, or ground mount), site constraints, etc., which
impact the cost and the economics of the installation.

The ability to transfer excess electricity generated by a photo-
voltaic system back into the utility grid can be advantageous for
schools. Most utilities are required to buy excess site-generated
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electricity back from the customer. In many states, public utility
commissions or state legislatures have mandated net metering: util-
ities pay and charge equal rates regardless of which way the elec-
tricity flows. School districts in these states will find PV more
economically attractive. A good source of information on rebates
and incentives for solar systems and other renewable technologies is
the Database of State Incentives for Renewables & Efficiency
(DSIRE [NCSU 2018], www.dsireusa.org), which is a comprehen-
sive source of information on state, local, utility, and federal incen-
tives and policies that promote renewable energy and energy
efficiency.

PV systems should be integrated during the early stages of the
design. In existing facilities, a licensed contractor can be employed
for a turnkey project, which should include sizing, analysis, eco-
nomic analysis, design documents, specifications, permits, docu-
mentation for incentives, etc. The DSIRE database also provides
state requirements for licensed solar contractors.

RETScreen® (Renewable Energy and Energy-Efficient Technol-
ogies) is a free decision support tool at www.retscreen.net, devel-
oped to assist in evaluation of energy production and savings, costs,
emission reductions, financial viability, and risk for various types of
renewable energy technologies (RETScreen 2018). The program is
available in 35 languages.

In addition, several commercial tools are available for analysis of
PV systems.

Financing PV projects in the educational sector can be more
complex because of tax exemptions and questions of how to most
efficiently allocate public funds and leverage incentives; detailed
information can be found in Bolinger (2009) and Cory et al. (2008).
The primary mechanism that has emerged to finance public-sector
PV projects is a third-party ownership model. This model allows the
public sector take advantage of all the federal tax and other incen-
tives without large up-front outlay of capital. The public sector does
not own the solar PV, but only hosts it in its property. The cost of the
electrical power generated is then secured at a fixed rate, which is
lower than the retail price for 15 to 25 years.

Figures 9 and 10 show examples of educational facilities” PV
projects.

Solar: Thermal. Educational facilities can be good candidates
for active thermal solar heating systems. In most cases, a solar
hot-water system can reduce the energy required for service hot
water and pool heating. Solar heating design and installation infor-
mation can be found in ASHRAE (1988, 1991). Chapter 37 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment and
Krieth and Goswami (2007) are good sources of information for
design and installation of active solar systems. Online sources in-
clude the U.S. Department of Energy’s Office of Energy Efficiency
and Renewable Energy’s site at www.energy.gov/eere.

Fig.9 Example of PV Installation at Ohlone College, Newark
Center, Newark, CA: 450 kW, 3530 m?
(Esberg 2010)


www.energy.gov/eere
www.energy.gov/eere
www.dsireusa.org
www.retscreen.net
www.energy.gov/eere
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Value Engineering (VE) and Life-Cycle Cost
Analysis (LCCA)

The use of value engineering (VE) and life-cycle cost analysis
(LCCA) is growing in all types of construction and as part of the
integrated design process (IDP) concept. In some cases, public
facilities such as schools are required to use these procedures. Both
VE and LCCA are logical, structured, systematic processes used
with decision support tools to achieve overall cost reduction, but
there are some distinctions between them (Anderson et al. 2004).

In value engineering, the project team examines the proposed
design components in relation to the project objectives and require-
ments. The intent is to provide essential functions while exploring
cost savings opportunities by modifying or eliminating nonessential
design elements. Examples are using alternative systems or substi-
tuting equipment.

Life-cycle cost analysis is used to evaluate design alternatives (or
alternative systems, equipment substitutions, etc., as part of VE)
that meet the facility’s design criteria with reduced cost or increased
value over the life of the facility or system.

The combination of VE and LCCA is suitable for schools, be-
cause they are often government funded and intended for longer
lifespans than commercial facilities. Unfortunately, VE and LCCA
often are not included in the early design stages, which results in a
last-minute effort to reduce cost and stay within the budget, com-
promising issues such as energy efficiency and overall value of the fa-
cility. Therefore, VE and LCCA should be deployed in the early
stages of the project. VE and LCCA programs for large schools can
add 0.1 to 0.5% in initial cost, but can save 5 to 10% of initial costs
and 0.5 to 10% of operation and maintenance costs (Dell’Isola 1997).

LCCA is recommended for economic evaluation as part of any
school construction. Chapters 38 and 60 discuss LCCA in detail.
Other methodologies such as simple payback should be avoided
because of inaccuracies and the need to take in account the time value
of money. LCCA is more accurate: it captures all the major initial
costs associated with each item, the costs occurring during the life of
the system, and the value of money for the entire life of the system.

Chapter 38 provides details, tools, and examples of LCCA (see
Table 7 in that chapter). Anderson et al. (2004) provides detailed
information on all the aspects of design, construction management,
cost control, and other resources for building and renovating schools.

The School as a Learning Tool for Energy
Conservation and Sustainability

Schools are excellent for enhancing students’ interest in energy
efficiency and sustainable design from a young age. USGBC

Fig. 10 Example of PV Installation at Twenhofel Middle
School, Independence, KY: 22 kW
(Seibert 2010)
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(2009a)’s LEED® for Schools awards one point for integrating
high-performance features in the school curriculum (ID section,
credit 3). Sources for this integration include the following:

« National Energy Education Development (NEED) project (Www
.need.org)

 Alliance to Save Energy’s PowerSave Schools Program (ase.org
/projects/powersave-schools)

» National Energy Foundation educational resources (nefl.org/)

* Energy Information Administration’s Energy Kids web site (www
.eia.gov/kids/index.cfm)

In addition, real-time feedback on how systems such as photo-
voltaic electrical generation, geothermal heat pumps, and water
conservation save energy and operating costs is recommended.
Seibert (2010) shows these features, as illustrated in Figure 11.

8. ENERGY DASHBOARDS

Energy dashboards provide information such as energy consump-
tion, energy cost, EUI, CO, levels, or Energy Star rating. In some
cases, the energy dashboard is part of an enterprise that incorporates
features such as fault detection and diagnostics (FDD) tools, tracking
of energy conservation projects, information-sharing tools, and other
analytical features to enhance energy conservation. Educational facil-
ities are good candidates for this system: for example, a school district
can monitor and track the energy consumption of every school in
the district in nearly real time. One good example is the Build
Smart DC program (www.buildsmartdc.com/buildings/).

Features of Build Smart DC include the following:

* Tens of thousands of data points (15 min electricity data) deliv-
ered daily: annual energy consumption, annual energy cost, EUI,
and Energy Star score

« Descriptions of energy efficiency projects ranging from low-cost
building management system updates to full-scale school systems
upgrades

Figure 12 depicts an example of the Build Smart DC energy
dashboard for elementary and middle schools in Washington, D.C.

Figure 13 shows an example of higher education energy dash-
board for a campus-scale facility with multiple buildings, where
each individual building can be tracked, as shown in Figure 14.

Remember, however, that regardless of its sophistication, an
energy dashboard will not save energy without action by site per-
sonnel (e.g., adjusting schedules or set points, fixing equipment
malfunction).

Central Plant Optimization for Higher Education
Facilities

Higher education facilities where numerous individual buildings
are combined in a campus setting often use large central plants to
provide cooling, heating, and/or power. These applications are ideal
for central plant optimization, to improve operations and lower
operating costs. Given the complexity of such large central plants,
which use multiple types of equipment, an optimization solution
can help to ensure efficient operation.

Common components in large central plants include the following:

Central Cooling Plants

» Multiple chillers of different types (e.g., electric cooling only,
electric heat pump or heat recovery, thermally operated [steam and
hot-water absorption or gas-fired absorption], steam-driven elec-
tric chillers). Each type has unique characteristics with respect to
operating, efficiency at full- and part-load conditions, and controls
(e.g., variable-speed drive, slide valves, inlet guide vanes).

* Multiple cooling towers of various types, different efficiencies, a
wide range of operation (in range and approach), and different fan
controls (e.g., variable speed, staging of cells, fan motor stages).


www.need.org
www.need.org
www.eia.gov/kids/index.cfm
www.eia.gov/kids/index.cfm
www.buildsmartdc.com/buildings/
http://nef1.org/
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VITAL SIGNS SYSTEM

A student demonstrates the Vital _..._‘,:a-'mu e
Signs system using the touch-
screen located in Twenhofel's
lobby. The system provides real-
time data from the building's
solar PV, geothaermal HVAC, rain-
water catchment and daylighting
systems. Teachers incorporate
the information into science and
math curriculums.

Phlc ounasy of Kertor Cowly Schod Cisrkd

Ceolivermal HWAC Systemn

resna

Rainsaber Hareesting Sysbem

=i H
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« The Vital Signs Geoth=rmal HVAC
screen shows the how a geothermal
heat pump syste=m uses the constant
tempeEturs of the earth to heast and
cool the school.

- Twenhofel Middls School
uses rainwater o flush
toilets and irrigate the
athlatic fisld. & 100,000
gallon underground
storage tank collects water
from the roof. Students
can visit the pump house
to ses the water lavels.
Fublic water supplemsnts
the rainwater syst=m.

< When students view the Vital Signs
Solar PV System scresn, they ses how
many kilowstts the solar array is gen-
erating. The screen also compares the
p=rcent gensrated by the solar array
o the total slectricity used by the
school. Several pop-ups provicde addi-
tional information about the school's
system and how it intsracts with the

power grid.

Fig. 11 Integration of Sustainability Features for Educational Purposes, Twenhofel Middle School, Independence, KY
(Seibert 2010)

Cold storage (chilled water or ice).

* Water-side economizer.

Multiple chilled- and condenser-water pumps of different sizes.
Different chilled-water distribution arrangements such as
primary/secondary (e.g., constant-flow primary and variable-flow
secondary), variable-flow primary, etc.

« Different condenser water distribution arrangements such as
headered layout, dedicated pump for each chiller, etc.

Central Heating Plants

* Multiple steam boilers with different fuel types (e.g., gas pow-
ered, dual fuel).

Multiple hot-water boilers with different fuel types (e.g., gas
powered, dual fuel).

* Heat pump chillers.

* Hot-water storage.

Waste heat heat exchangers.

¢ Hot-water pumps.
¢ Hot-water distribution systems.

On-Site Power Generation and Storage

* Power generating prime movers (e.g., reciprocating engines,
gas turbines, micro turbines, steam turbines, fuel cells).

* Battery storage.

* Solar photovoltaics.

In addition to having to properly operate and maintain various
equipment, the operation of central plants is further complicated by
variables such as

* Weather. Changes in ambient conditions affect campus cooling,
heating, and electrical loads that must be met by the central plant.
Ambient conditions also affect the operation and efficiency of the
plant equipment (e.g., impact of wet-bulb temperature on cooling
tower operation).
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Fig. 12 Building Smart DC Example for Whittier Elementary School, Washington D.C. (ENERGYSTAR Score: 76)
(www.buildsmartde.com/buildings/270/)

# Crotty Hall

Crotty Hall; A Net Zero Energy Building

Completed in 2017, Crotty Hall is a three level 16,900 sf academic building that provides
office and conference spaces for the UMass of Economics
Located on North Pleasant Street at the southern em% of campus, Crotty Hall and
Gordon Hall, both designed by architect, SIF““ Miller Pollin FAIA, form a unigue
ECONOMICS CAMPUS Tof the university. The landscape architecture which includes
terraced rain gardens was designed by Steven Stimson & Associates

Conceptually defined by the Mational Renewable Energy Laboratories (NREL), an NZEB is
one that has no adverse energy of environmental impact associated with its operation. 1t
is & building that is highly energy efficient and that is capable of fulfilling the balance of
its enerqy needs using renewable energy technalogies, producing at least as much
energy over the course of a year as it draws from utility grids.

The goal for Crotty Hall is 1o be a Net Zero Site Energy Building with all renewable energy
generated onsite. A geothermal, closed | system, roof top photovoltaic panels, super
insulation, high efficiency LED hghting and triple window glazing throughout contribute
ta the buildings net 2ero goals.

12:46 pm | 41°F
Thursday 12.07.17

Fig. 13 Energy Kiosk Example for University of Massachusetts Amherst MA
(bedashboard.com/Kiosk/Home/index/20/5359)

* Load profiles. The cooling, heating, and electrical loads of the
campus, on an hourly or sub-hourly basis, determine what cen-
tral plant equipment needs to operate and at what capacities and
combinations. Campus load profiles are typically an aggrega-
tion of a large number of buildings, each with different individ-
ual load patterns (e.g., classrooms, lecture halls, laboratories,
dormitories, dining facilities, recreational facilities, office/
administration).

« Utility rates. Utility rate structures (for electricity, fossil fuels,
and water) can vary significantly depending on the application
and location. To minimize operating cost, knowledge of the rate

structures is critical (e.g., time-of-use charges, demand ratchets,
real time pricing).
Central plant optimization solutions typically attempt to mini-

mize the plant’s energy consumption by altering variables and
making decisions related to the following:

* Chilled-water temperature set points
» Condenser-water temperature set points
* Chilled-water differential pressure set points

« Staging of chillers, water-side economizers, and cold storage sys-
tems


www.buildsmartdc.com/buildings/270/
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Fig. 14 Energy Kiosk Example for University of Massachusetts Amherst Tracking Specific Building on Campus
(bedashboard.com/Kiosk/Home/index/20/5359)

» Sequencing and speed control of chilled-water and condenser
pumps

* Sequencing of cooling towers and cooling tower fan speed control

» Hot-water temperature set points

* Boiler, heat recovery heat exchangers, hot-water storage staging

» Heat pump and heat recovery chillers/heater

Staging of on-site electrical power prime mover generators (e.g.,

reciprocating engines, gas turbine) and electrical storage

Given this complexity, and with so many decisions to make, a
single control sequence or manual operation without the aid of more
sophisticated tools cannot maximize operating efficiency or mini-
mize operating cost of all plant equipment, under all weather condi-
tions, load conditions, and utility rate structure scenarios. In
addition, at any given moment in time, there may be multiple ways
to meet a cooling, heating, and electrical load by the different types
of plant equipment. For example, in a large central plant, the current
cooling load could be met by an electric centrifugal chiller, heat
pump chiller, water-side economizer, thermally operated chillers, or
cold water storage tank. Similarly, for cases that have on-site power
generation equipment, electrical power can be generated at the site,
purchased from the local utility, or discharged from electrical stor-
age; furthermore, waste heat from the power generation can be used
to provide heat or heat for thermally operated chillers, and the opti-
mal approach at any moment may not be intuitively obvious.

Chapter 43 provides information on optimization theory, meth-
ods, and procedures for central plants. Typical central plant optimi-
zation involves determining the control sequence and parameters
(i.e., set points) that minimize total operating costs or total energy
consumption. In Chapter 43, two broad classifications of optimiza-
tion procedures are discussed: static optimization and dynamic opti-
mization. Static optimization addresses the problem of optimizing
the operation of a system at a given instant by operating each com-
ponent of the system at conditions that achieve an optimal result.
Typically, energy cost minimization involves using an objective func-
tion that is the sum of the operating costs of each component (e.g.,

chillers, pumps, cooling towers, boilers) with respect to all discrete
and continuous controls and subject to both equality and inequality
constraints (imposed by the physical realities of the system).
Dynamic optimization addresses control of the system over time.
Therefore, it must account for the possibility that future conditions
(e.g., weather, loads, utility prices) may impact the optimal control
decisions in a given moment. In addition, present control decisions
may impact operating conditions and optimal control decisions in the
future. Methods such as model-predictive control (MPC) have been
established to implement dynamic optimization of building systems.
Figure 15 shows an example of a dynamic central plant optimization
framework suitable for the operation of a higher education campus.
Central plant optimization solutions are typically integrated with
site controls so that optimal operation of the plant occurs automati-
cally. Some systems may also be able to run in an advisory mode,
wherein the system provides recommendations to facilities
personnel on how to optimize plant operating but does not directly
control. Another common feature is real-time tracking of the plant’s
current operating conditions and efficiency, as shown in Figure 16.

Educational Facilities for Students with Disabilities

Although a large number of papers exist on students with disabil-
ities, no clear HVAC system design guidelines or criteria were found
to address the special requirements of these educational facilities.
The intent of this section is to make the designer aware of the special
considerations required to address accessibility issues during design,
construction, and operation. Close coordination with the architect
and other professionals is critical in addressing these requirements.

Students’ disabilities can be classified by referring to the Indi-
viduals with Disabilities Education Act (IDEA), which covers 13
conditions (Understood.org 2019):

* Specific learning disability (SLD). Conditions in this group
affect a child’s ability to read, write, listen, speak, reason, or do
math. Issues in this category include
* Dyslexia


Understood.org
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Fig. 15 Example of Dynamic Central Plant Optimization Framework for Higher Education Campus
(courtesy of Johnson Controls)
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Fig. 16 Example of Central Plant Optimization System Operator Dashboard
(courtesy of Johnson Controls)

* Dysgraphia
* Dyscalculia
* Auditory processing disorder
* Nonverbal learning disability

e Other health impairment. These conditions limit a child’s
strength, energy, or alertness. ADHD is one example.

Autism spectrum disorder (ASD). ASD is a developmental dis-
ability. It covers a wide range of symptoms and skills, but mainly
affects a child’s social and communication skills. It can also
impact behavior.

Emotional disturbance. Children covered under the term “emo-
tional disturbance” can have a number of mental disorders. These

include anxiety disorder, schizophrenia, bipolar disorder,
obsessive-compulsive disorder, and depression.

* Speech or language impairment. The umbrella term “speech or
language impairment” covers a number of communication prob-
lems, including stuttering, impaired articulation, language
impairment, or voice impairment.

* Visual impairment, including blindness. A child who has
vision problems is considered to have a visual impairment. This
condition includes both partial sight and blindness. If a vision
problem can be corrected with eyewear, it does not qualify.

* Deafness. Children with a diagnosis of deafness have a severe hear-
ing impairment. They are unable to process language through hearing.
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* Hearing impairment. This is a hearing loss not covered by the
definition of deafness, and can change or fluctuate over time.
There is a distinction between being hard of hearing and having
auditory processing disorder.

* Deaf-blindness. Children with a diagnosis of deaf-blindness have
both hearing and visual impairments. Their combined needs
exceed those met by programs for the deaf or blind.

* Orthopedic impairment. Any impairment to a child’s body, no
matter the cause, is considered an orthopedic impairment. Cere-
bral palsy, caused by damage to areas of the brain that control the
body, is one example.

* Intellectual disability. Children with this type of disability have
below-average intellectual ability. They may also have poor com-
munication, self-care, or social skills. Down syndrome is one
example of an intellectual disability.

* Traumatic brain injury. This is a brain injury caused by an acci-
dent or some kind of physical force.

* Multiple disabilities. A child with multiple disabilities has more
than one condition covered by IDEA. Having multiple issues cre-
ates educational needs that cannot be met in a program for any one
condition.

Given the varied nature these disabilities, it is difficult to estab-
lish a set of HVAC design criteria that will be simultaneously
acceptable for each disability. For HVAC system design, each dis-
ability may entail specific requirements for thermal comfort design
criteria, ventilation and IAQ design criteria, and noise criteria.

Thermal comfort design criteria covering variables such as space
temperature, humidity, thermal comfort, etc. for the disabilities de-
scribed was not found. ASHRAE Standard 55 does not provide suf-
ficient information to allow specification of these conditions. Webb
and Parsons (1998) investigated thermal comfort levels of people
with disabilities, and one of the conclusions (with the subjects test-
ed) was that people with physical disabilities had widely varying re-
sponses, making it is necessary to evaluate the needs of people with
physical disabilities on an individual or case-by-case basis.

Similarly, ventilation standards for acceptable indoor air quality
(e.g., ASHRAE Standard 62.1) are not covering these cases,
whereas “standard” educational facilities are well covered.

Noise criteria for educational facilities for students with disabil-
ities are mentioned in ANSI Standard S.12.60-2010, suggesting that
young children and persons with hearing, language, speech, atten-
tion deficit, or learning disabilities will benefit from the application
of this standard.

More research is required to address educational facilities for
students with disabilities.

9. COMMISSIONING
Commissioning (Cx) is a quality assurance process for buildings
from predesign through design, construction, and operations. The
Table 16 Key Commissioning Activities for New Building
Phase

Predesign
Design

Key Commissioning Activities

Preparatory phase in which OPR is developed and defined.

OPR is translated into construction documents, and basis of
design (BOD) document is created to clearly convey
assumptions and data used to develop the design solution.
See Informative Annex K of ASHRAE Guideline 1.1-
2007 for detailed structure and an example of a typical
BOD.

The commissioning team is involved to ensure that systems
and assemblies installed and placed into service meet the
OPR.

Occupancyand The commissioning team is involved to verify ongoing
operation* compliance with the OPR.

Construction
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commissioning process involves achieving, verifying, and docu-
menting the performance of each system to meet the building’s op-
erational needs. Given the criticality of issues such as indoor air
quality, thermal comfort, noise, etc., in educational facilities and the
application of equipment and systems such as DOAS, EMS, and oc-
cupancy sensors, it is important to follow the commissioning pro-
cess as described in Chapter 44 and ASHRAE Guideline 0-2013.
Technical requirements for the commissioning process are de-
scribed in detail in ASHRAE Guideline 1.1-2007; another useful
source is from the AABC Commissioning Group (ACG 2005).
Proper commissioning ensures that fully functional systems can be
operated and maintained properly throughout the life of the build-
ing. Although commissioning activities should be implemented by
a qualified commissioning professional or commissioning authority
(CA), it is important for other professionals to understand the basic
definitions and processes in commissioning.
The following are basic terms used in commissioning:

* Owner’s project requirements (OPR): a written document that
details the functional requirements of the project and the expec-
tations of how it will be used and operated.

* Commissioning process: refers to a quality-focused process for
enhancing the delivery of a project. The process focuses upon ver-
ifying and documenting that the facility and all its systems and
assemblies are planned, installed, tested and maintained to meet
the OPR

* Recommissioning: an application of the commissioning process
to a project that has been delivered using the commissioning pro-
cess.

* Retrocommissioning (also called existing building commis-
sioning): applied to an existing facility that was not previously
commissioned.

* Ongoing commissioning: an extension of the commissioning
process well into the occupancy and operation phase.

Commissioning: New Construction
Table 16 shows the phases of commissioning, as defined in
ASHRAE Guideline 1.1-2007.

ACG (2005) refers to the following HVAC commissioning pro-
cesses for new construction:

» Comprehensive (starts at the inception of a building project from
the predesign phase till postacceptance)

 Construction (takes place during construction, acceptance, and
postacceptance; predesign and design phases are not included in
this process)

Table 17

Phase

Key Commissioning Activities for Existing Building

Key Commissioning Activities

Define HVAC goals

Select a commissioning team

Finalize recommissioning scope

Documentation and site reviews

Site survey

Preparation of recommissioning plan

Hire testing and balancing (TAB) agency and
automatic temperature control (ATC) contractor

Document and verify TAB and controls results

Functional performance tests

Analyze results

Review operation and maintenance (O&M) practices

Operation and maintenance (O&M) instruction and
documentation

Complete commissioning report

Planning

Implementation

*Also known as acceptance and post-acceptance in ACG (2005).

Source: Adapted from ACG (2005).
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Commissioning is an important element in new construction.
LEED® for Schools (USGBC 2009a) requires as a prerequisite (En-
ergy and Atmosphere, prerequisite 1) verification that the project’s
energy-related systems are installed and calibrated and perform ac-
cording to the OPR, BOD, and construction document. Additional
credits (Energy & Atmosphere, and Enhanced Commissioning) can
be obtained by applying the entire commissioning process (or com-
prehensive HVAC commissioning), as described previously.

Commissioning Existing Buildings
HVAC commissioning in existing buildings covers the follow-
ing:

* Recommissioning
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* Retrocommissioning (RCx)
* HVAC systems modifications

Although recommissioning and retrocommissioning differ, the
methodology for both is identical. Retrocommissioning applies to
buildings that were not previously commissioned. Recommissioning
is initiated by the owner of a previously commissioned building, and
seeks to resolve ongoing problems or to ensure that the systems con-
tinue to meet the facility’s requirements. There also could have been
changes in the building’s occupancy, design strategies, equipment or
equipment efficiency, occupant comfort, or IAQ that can initiate the
need for recommissioning. Typical recommissioning activities are
shown in Table 17.

Table 18 Selected Case Studies from ASHRAE Journal

Facility
Project Name Type Location Description Publ. Date
University of California, Merced, Sierra Higher ed. ~ Merced, California Dormitory May-10
Terraces
De Anza College, Kirsch Center for Highered.  Cupertino, California Classrooms, labs, open study stations May-10
Environmental Studies
The Kahnawake Survival School (KSS) K-12 Kahnawake, Québec, High school, community center, public assembly May-10
Canada
Whitmore Lake High School K-12 Whitmore Lake, Gymnasium, cafeteria, natatorium, media center, commons May-10
Michigan area, and classrooms

Ann Arbor Skyline High School K-12 Ann Arbor, Michigan Classrooms, learning communities, gymnasiums, cafeteria/ May-11
commons, lab spaces, decentralized administration,
auditorium, black-box theater, and natatorium

St. John’s School K-12 Saint-Jean-sur-Richelieu, Science rooms with laboratories and a library May-11

Québec, Canada

Université de Sherbrooke, Campus Highered. = Longueuil, Québec, Classrooms, offices, labs, gathering areas, etc. May-12
Longueuil Canada

Maple School District, Northwestern ~— K-12 Maple, Wisconsin Classrooms, labs, auditorium, gymnasium, and district offices May-12
High School

St. Clair County Community College: Highered.  Port Huron, Michigan Faculty offices and instructional classrooms. Sep-12
North Building

Jarvis Hall, The University of Highered. Menonomie, Wisconsin Labs, vivarium, clean rooms, classrooms, offices, and Oct-12
Wisconsin-Stout (UW-Stout) greenhouse

Hamilton Heights Elementary School ~K-12 Arcadia, Indiana Elementary school (grades 3-6). Includes classrooms and Mar-13
administrative offices.

University of California, Davis Higher ed.  Davis, California Student services. Academic advising center, computer center, Apr-13
recreation room, laundry room, service desk, mail center, and
convenience store.

The Segundo Services Center (SSC) at Higher ed.  Davis, California Student service center Apr-13

University of California, Davis (UCD)
Portland State University Academic and Higher ed. ~ Portland, Oregon Academic and student recreation center May-13
Student Recreation Center,

City College of San Francisco Higher ed.  San Francisco, California Classrooms, administrative offices, specialized laboratories, = May-13
computer lab, study spaces, childcare/family training center,
meeting rooms, and a café,

McGill University McIntyre Pavilion — Higher ed.  Montreal, Québec, Research and teaching facility. Includes laboratories, library, — Aug-13

Canada and classrooms.
Vancouver Island University (VIU) Higher ed.  Duncan, British Classrooms, science labs, offices, meeting rooms, and a Dec-13
Columbia, Canada cafeteria

Davis Building University of Findlay =~ Higher ed.  Findlay, Ohio University level science education. Includes 19 science May-14
laboratories, a 112-seat lecture hall, one computer lab, 15
faculty offices, one conference room, and one student lounge.

Energy Environment Experiential Highered.  Calgary, Alberta, Canada Post-secondary classroom and laboratory building. Includes Sep-14

Learning University of Calgary classrooms, offices, teaching and research labs for biology,
chemistry, earth sciences, chemical, civil, and mechanical
engineering students.
Otto Maass Laboratory Building Higher ed.  Montreal, Québec, Education and research in chemistry. Includes teaching and Nov-14
Canada research laboratories, classrooms, lounge, and large lecture
hall.
Valley View Middle School K-12 Snohomish, Washington Public middle school (grades 7 and 8) May-15
Discovery Elementary School K-12 Arlington, Virginia Public middle school (grades K-5) May-18

*All articles are available from technologyvportal.ashrae.org; ASHRAE members have free access (must be logged in).
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Commissioning is also an important element in existing build-
ings. USGBC (2009b) LEED® for Existing Buildings & Operation
Maintenance awards up to six credits for commissioning systems in
existing buildings in the Energy and Atmosphere (EA) section.

HVAC systems modifications can vary from minor modifications
up to complete reconstruction of all or part of building’s HVAC
system. The process for this type of project should follow the pro-
cess described previously for new construction.

10. SEISMIC- AND WIND-RESTRAINT
CONSIDERATIONS

Seismic bracing of HVAC equipment should be considered.
Wind restraint codes may also apply in areas where tornados and
hurricanes necessitate additional bracing. This consideration is
especially important if there is an agreement with local officials to
use the facility as a disaster relief shelter. See Chapter 56 for further
information.

11. SELECTED CASE STUDIES

Tables 18 and 19 list selected case studies of educational facili-
ties as published in ASHRAE Journal and High Performance
Building Magazine respectively.
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Table 19 Selected Case Studies from ASHRAE High Performing Buildings Magazine

Facility
Project Name Type Location Description Publ. Date
The Environmental Discovery Center at Higher ed. = White Lake, Michigan  Classrooms, laboratories, and a multipurpose room. Spring 2008
Indian Springs Metropark
Great Seneca Creek Elementary School K-12 Germantown, Maryland ~ Elementary School Summer 2008
OHSU Center for Health & Healing Highered.  Portland, Oregon Mixed-use facility for wellness, medical research, clinics, Winter 2009
surgery, classrooms, and ground floor retail and
underground parking.
Two Harbors High School, Lake K-12 Two Harbors, Minnesota Educational, High School Spring 2009
Superior School District
Bethke Elementary School K-12 Timnath, Colorado 10-month school includes classrooms, gym, cafeteria, Winter 2010
media center, and office.
Ohlone College Newark Center for Highered.  Newark, California Community college. Includes classrooms, labs, fitness Winter 2010
Health Sciences and Technology center, and café.
Richardsville Elementary School K-12 Richardsville, Kentucky Elementary school. Includes gymnasium and cafeteria. Fall 2012
Sustainable Urban Science Center K-12 Philadelphia, High school (9th-12th grades) science laboratory and Winter 2012
Pennsylvania classroom building.
Evie Garrett Dennis Campus Phase One K-12 Denver, Colorado Elementary through high school campus. Spring 2012
University of Florida William R. Hough
Hall (Graduate
Business Studies Building) Higher ed.  Gainesville, Florida Classroom and office building. Includes classrooms, Spring 2012
seminar/meeting rooms, and study/lounge space for
graduate business students, and staff offices and support
spaces.
Kiowa County Schools (formerly K-12 Greensburg, Kansas K-12 Public School Summer 2012
Greensburg K-12 Schools)
Kensington High School for the K-12 Philadelphia, High school (9th-12th grades). Includes 200-person Winter 2013
Creative and Performing Arts Pennsylvania theater and related back of stage facilities, instrumental
classroom with private practice rooms, choral room,
dance studio, library and related facilities, regulation
sized gymnasium with shower and locker rooms,
cafeteria and full-service kitchen, two visual art studios,
two science laboratories, broadcasting studio, and general
purpose classrooms.
University of California, Davis Health Higher ed.  Davis, California Student health care. Includes exam, treatment, education, Winter 2013
and Wellness Center office, and laboratory spaces.
Clemson University Lee IIT Highered.  Clemson, South Carolina University academic building. Includes studio space, Summer 2013
seminar rooms, and faculty/administrative offices.
Sandy High School K-12 Sandy, Oregon Public high school (9th-12th grades). Includes two Spring 2014
gymnasiums; auditorium; full-service kitchen; district-
wide IT and server room; career technology education
spaces (i.e., automotive, arts, metal, and construction arts).
The Hal and Inge Marcus School of Highered.  Lacey, Washington Education: classrooms, thermal engineering labs, Spring 2014
Engineering materials lab, environmental lab, computer-aided drafting
lab, solar lab, faculty offices, and assembly spaces.
Haywood Community College Creative Higher ed.  Clyde, North Carolina ~ Community college/education creative arts building. Spring 2014
Arts Building Includes clay, wood, jewelry, and fiber studios/shops.
Chemeketa Community College Highered.  Salem, Oregon Higher education. Includes science labs (biology, Spring 2014
Health Sciences Complex Addition chemistry, and anatomy), classroom, training, and faculty
space for health professions (dental hygiene, nursing, and
pharmacy technology).
Locust Trace AgriScience Center Higher ed.  Lexington, Kentucky Agricultural vocational/technical school. Includes Winter 2015
academic building, greenhouse, animal surgical area,
riding arena, stalls, barn, and farm equipment.
Oakland University Human Health Highered.  Rochester, Michigan Mixed use university building including classrooms, Winter 2015
Building offices, and teaching labs.
Zero Net Energy Center Higher ed.  San Leandro, California Educational Training Facility. Includes lecture rooms, Summer 2015

classrooms, training labs, offices, lobby, break rooms, and
computer rooms.

*All included and additional articles are available from www.hpbmagazine.org.
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ONTINUAL advances in medicine and technology necessitate

constant reevaluation of the air-conditioning needs of hospitals
and medical facilities. Medical evidence shows that air conditioning
can affect certain clinical outcomes, and ventilation requirements
exist to protect against harmful occupational exposures. Although
the need for clean and conditioned air in health care facilities is high,
the relatively high cost of air conditioning demands efficient design
and operation to ensure economical energy management. It is a chal-
lenge to establish a balance between patient outcomes, safety, and
higher operating costs. Often, there is little research or data to quan-
tify the effect of the HVAC system on patient outcomes; whereas
energy costs are relatively easy to quantify. The following is a sug-
gested prioritization of the HVAC system design characteristics for
a healthcare facility (Turpin 2013):

. Performance (infection control, comfort, patient outcome)
. Safety (fire, life safety, potential injuries)

. Reliability

. Maintenance cost

. Energy cost

. Adaptability

AN A WN—

Health care occupancy classification, based on the latest occu-
pancy guidelines from the National Fire Protection Association’s
(NFPA) Life Safety Code® and applicable building codes, should be
considered early in project design. Health care facilities are unique
in that there may be multiple, differing authorities having jurisdic-
tion (AHJs) overseeing the design, construction, and operation of the
facility. These different AHJs may use different standards or differ-
ent versions of the same standards. Health care occupancy classifi-
cation is important to determine for fire protection (smoke zones,
smoke control) and for future adaptability of the HVAC system for a
more restrictive occupancy.

Health care facilities are increasingly diversifying in response to
a trend toward outpatient services. The term clinic may refer to any
building from a residential doctor’s office to a specialized cancer
treatment center. Integrated regional health care organizations are
becoming the model for medical care delivery as outpatient facilities
take on more advanced care and increasingly serve as the entry-
way to the acute care hospital. These organizations, as well as long-
established hospitals, are sometimes constructing buildings that look
less like hospitals and more like luxury hotels and office buildings.
However, when specific health care treatments in these facilities are
medically consistent with hospital-based treatment activity, then
the environmental design guidance applicable to the hospital-based
treatment should also apply to the clinic’s treatment environment.

For the purpose of this chapter, health care facilities are divided
into the following categories:

» Hospital facilities

The preparation of this chapter is assigned to TC 9.6, Healthcare Facilities.

9.1

* Outpatient health care facilities
* Residential health care and support facilities

The general hospital provides a variety of services; its environ-
mental conditions and design criteria apply to comparable areas in
other health care facilities. The general acute care hospital has a core
of patient care spaces, including rooms for operations, emergency
treatment, delivery, patients, and a nursery. Usually, the functions of
radiology, laboratory, central sterile, and pharmacy are located close
to the critical care space. Inpatient nursing, including intensive care
nursing, is also within the complex. The facility also incorporates a
kitchen, dining and food service, morgue, and central housekeeping
support.

Outpatient surgery is performed with the anticipation that the
patient will not stay overnight. An outpatient facility may be part of
an acute care facility, a freestanding unit, or part of another medical
facility such as a medical office building.

Nursing facilities are addressed separately, because their funda-
mental requirements differ greatly from those of other medical facil-
ities in regards to odor control and the average stay of patients.

Dental facilities are briefly discussed. Requirements for these
facilities differ from those of other health care facilities because
many procedures generate aerosols, dusts, and particulates.

1. REGULATION AND
RESOURCES

The specific environmental conditions required by a particular
medical facility may vary from those in this chapter, depending on the
agency responsible for the environmental standard. ANSI/ASHRAE/
ASHE Standard 170 represents the minimum design standard for
these facilities, and gives specific minimum requirements for space
design temperatures and humidities as well as ventilation recommen-
dations for comfort, asepsis, and odor control in spaces that directly
affect patient care.

Standard 170 is in continuous maintenance by ASHRAE, with
proposed addenda available for public review/comment and pub-
lished addenda available for free download from www.ashrae.org. It
is republished in whole approximately every four years with all pub-
lished addenda incorporated. See Table 1 for an excerpt of require-
ments found in ASHRAE Standard 170.

Standard 170 is also included in its entirety in the Facility Guide-
lines Institute’s Guidelines for Design and Construction of Hospitals
and Outpatient Facilities and Guidelines for Design and Construc-
tion of Residential Health, Care, and Support Facilities (FGI 2014a,
2014b). The FGI Guidelines are adopted in more than 42 U.S. states
by AHJs overseeing the planning, construction, and operation of
health care facilities in those states.

Many outpatient facilities are B-occupancy, and may require
compliance to ASHRAE/ANSI Standard 90.1 or other energy regu-
lations, which may also cover ventilation. ASHRAE Guidelines 10
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Table 1 Sample of ASHRAE Standard 170 Design Parameters

Pressure Minimum Minimum  All Room Air Design Design
Relationship to Outdoor Total Exhausted Directly Air Recirculated Relative Temp.

Function of Space Adjacent Areas ach* ach* to Outdoors by Room Units  Humidity,% °C
Operating room Positive 4 20 NR* No 20 to 60 20 to 24
Emergency department public waiting area Negative 2 12 Yes NR* max. 65 21to 24
All rooms Negative 2 12 Yes No max. 60 21 to 24
Patient room NR* 2 4 NR* NR* max. 60 21to 24

*ach = air changes per hour, NR = no requirement.

and 29 may be especially applicable to the design of health care
facilities. The HVAC Design Manual for Hospitals and Clinics
(ASHRAE 2013) presents enhanced design practice approaches to
health care facility design and greatly supplements the information
in this chapter. The ASHRAE Learning Institute (ALI) provides
many applicable courses, including Designing High Performing
Health Care HVAC Systems and Health Care Facilities: Best Prac-
tice Design and Applications.

ASHRAE Standard 188-2015 requires health care buildings to
establish a water management program to control growth of Legio-
nella. The program must include a systematic analysis of building
water systems, including the locations of end-point uses of potable
and nonpotable water systems; the location of water processing
equipment and components, and how water is received and pro-
cessed, including how it is conditioned, stored, heated, cooled, re-
circulated, and delivered to end-point uses. A process flow diagram
is required to graphically describe the step-by-step detail of where
building water systems are at risk of harboring or promoting Legio-
nella growth and dissemination. Those areas so identified must have
control measures and limits established to allow monitoring of con-
ditions and corrective actions to ensure the system is operating as
designed.

NFPA Standard 99, which has been adopted by many jurisdic-
tions, provides requirements for ventilation of medical gas storage
and transfilling spaces. It also has requirements for heating, cooling,
and ventilating the emergency power system room.

American Society for Healthcare Engineering’s (ASHE) mono-
graphs and interpretation tools are an important resource to help
integrate facility management considerations into the built environ-
ment. The American Conference of Governmental Industrial
Hygienists’ (ACGIH 2013) Industrial Ventilation: A Manual of Rec-
ommended Practice for Design includes guidance on source control
of contaminants.

Agencies that may have standards and guidelines applicable to
medical facilities include state and local health agencies, the U.S.
Department of Health and Human Services (including the Centers
for Disease Control and Prevention [CDC], Indian Health Service,
Food and Drug Administration [FDA], U.S. Public Health Service,
and Medicare/Medicaid), U.S. Department of Defense, U.S.
Department of Veterans Affairs, and The Joint Commission’s Hos-
pital Accreditation Program.

Other medically concerned organizations with design and/or
operational standards and guidelines that may be applicable to health
care facility design include the United States Pharmacopeia (USP),
American Association of Operating Room Nurses (AAORN), and
Association for the Advancement of Medical Instrumentation
(AAMI).

FGI (2014a, 2014b) requires the owner to provide an infection
control risk assessment (ICRA) and prepare infection control risk
mitigation recommendations (ICRMR) that are intended to pre-
identify and control infection risks arising from facility construction
activities. The ICRMR and ICRA are then to be incorporated in the
contract documents by the design professional. Therefore, it is essen-
tial to discuss infection control objectives with the hospital’s infec-
tion control committee.

International standards for health care ventilation sometimes con-
tain suggestions that differ significantly from those in this chapter.
International standards include the following:

» Canada’s CSA Group’s Standard 7Z317.2

* Australasian Health Facility Guidelines (AusHFG), available at
www.healthfacilityguidelines.com.au

» U.K. Department of Health and Social Care’s Healthcare Techni-
cal Memorandum 03-01 premises

* German Institute for Standardization’s (DIN) Standard 1946-4
Ventilation and air conditioning—Part 4

 Spain’s AENOR/UNE Standard 100713:2005

* Department of Health—Abu Dhabi (HAAD) Health Facility Guide-
lines, available at www.healthdesign.com.au/haad.hfg/

* World Health Organization’s (WHO) Natural Ventilation for In-
fection Control in Health-Care Settings

ASHRAE international associate societies (e.g., India’s ISHRAE)
may have health care resources specific to the local culture and cli-
mate; see www.ashraeasa.org/members.html for a list of associate
organizations.

Along with HVAC requirements for normal operation, many
health care facilities are considered essential facilities and have pro-
grammatic requirements to remain operational after earthquakes or
other naturally occurring events. Building code importance factor
designation and application can require structural and restraint fea-
tures not normally included in other types of facilities. Many health
care facilities have on-site diesel engine generated electric power,
which can necessitate EPA fuel storage permitting, security require-
ments, and potentially air permitting issues.

1.1 AIR CONDITIONING IN DISEASE
PREVENTION AND TREATMENT

In hospitals, air conditioning can play a role beyond the promo-
tion of comfort. In many cases, proper air conditioning is a factor in
patient therapy. Patients in well-controlled environments generally
show more rapid physical improvement than those in poorly con-
trolled environments. Examples of HVAC considerations for vari-
ous patients include the following:

Patients exhibiting thyrotoxicosis (related to hyperthyroidism) may
be more sensitive to hot, humid conditions or heat waves (Pearce
2006).

Extreme ambient heat is a public health threat, especially for the
elderly and persons with preexisting health conditions (Richard et
al. 2011).

Cardiac patients are often unable to maintain the circulation nec-
essary to ensure normal heat loss. Air conditioning cardiac wards
and rooms of cardiac patients, particularly those with congestive
heart failure, is necessary and considered therapeutic (Burch and
Pasquale1962).

Individuals subjected to operations and those with barbiturate
poisoning may be susceptible to hypothermia (Belani et al. 2013).
HVAC systems may reduce this risk.
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» Symptoms of rtheumatoid arthritis are correlated to humidity of
the environment (Patberg and Rasker 2004). Some have suggest-
ed the benefit of dry environments (less than 35% rh).

* Dry air increases the difficulty in terminally cleaning spaces and
causes particles to remain airborne for longer periods of time.
Pathogen transmission through the air is greater when the air is
dry, and infectious particles travel deeper into the lungs when
they are small. Cilia in the respiratory system, which are respon-
sible for clearing particulates out of the bronchial tubes, have
reduced function in dry conditions. Dry air also leads to cracks in
the skin and increased cortisol production.

* Clinical areas devoted to upper respiratory disease treatment and
acute care are often maintained at a minimum of 30% rh. The
foundation and associated clinical benefit of this practice have re-
cently come under question, so the designer is encouraged to
closely consult the latest design guidance and the facility owner
when establishing this design criterion.
Exposure to dry environments may have a negative impact. Taylor
(2016) found an increase in the number of healthcare associated
infections in patients in a medical-surgery wing and in an oncol-
ogy wing when the relative humidity dropped below 40% rh.
Patients with chronic pulmonary disease often have viscous respi-
ratory tract secretions. As these secretions accumulate and in-
crease in viscosity, the patient’s exchange of heat and water
dwindles. Under these circumstances, inspiration of warm, hu-
midified air is essential to prevent dehydration (Walker and Wells
1961).
Patients needing oxygen therapy, those with tracheotomies, and
other mechanically ventilated patients require warm, humidified
air (Jackson 1996). Cold, dry oxygen or bypassing the nasopharyn-
geal mucosa presents an extreme situation. Rebreathing techniques
for anesthesia and enclosure in an incubator are special means of
addressing impaired heat loss in therapeutic environments.

* Warm, moist air has been shown to be beneficial in treatment of
burn patients (Liljedahl et al. 1979; Zhou et al. 1998). A ward for
severe burn victims should have temperature controls (and com-
patible architectural design and construction) that allow room tem-
peratures up to 32°C db and relative humidity up to 95%.

Reducing hospital-acquired infections (HAIs; also called nos-
ocomial infections) is a focus of the health care industry. It is diffi-
cult to draw any general conclusions about HVAC’s contributions or
ability to affect infections (DeRoos et al. 1978; Jacob et al. 2013).
True airborne infection is somewhat rare (5 to 15%), compared to the
direct route of infection (Short and Al-Maiyah 2009),although there
is evidence that too little ventilation increases risk of infection (At-
kinson 2009). The exact ventilation rates needed to control infectious
agents in hospitals are not known (Li etal. 2007, Memarzadeh
2013). It was previously believed that 100% exhaust or 100% out-
door air was necessary. ASHRAE research project RP-312 found
that recirculation of most hospital air is appropriate (Chaddock 1983).

HVAC engineering controls, such as required differential pressure
relationships between spaces, directional airflow, methods of air
delivery, air filtration, overall building pressurization, etc., directly
contribute to maintaining asepsis. Well-designed HVAC systems
also affect indoor environmental quality and asepsis integrity
through specifically HVAC related factors (e.g., thermal comfort,
acoustics, odor control). Therefore, HVAC system effectiveness
can also lead to an improved healing environment for the patient,
contributing to shorter patient stays and thereby minimizing the
risk of HAIs. ASHE (2011) provides an engineering perspective on
the topic with many additional references.

1.2 SUSTAINABILITY

Health care is an energy intensive, energy-dependent enterprise.
Hospital facilities are different from other structures in that they

operate 24 hours a day and year round, require sophisticated back up
systems in case of utility shutdowns, use large quantities of outdoor
air to combat odors and to dilute microorganisms, and must deal with
problems of infection and solid waste disposal. Similarly, large quan-
tities of energy are required to power diagnostic, therapeutic, and
monitoring equipment, and to support services such as food storage,
preparation, and service and laundry facilities. Control strategies
such as supply air temperature reset on variable-air-volume systems
and hydronic reheat supply water temperature reset on variable
pumping systems can often be applied with good results, but should
be applied with care: undesired impacts on temperature and (espe-
cially) humidity can result. Resources to help ensure efficient, eco-
nomical energy management and reduce energy consumption in
hospital facilities include ASHRAE Standard 90.1 and the Advanced
Energy Design Guides on hospitals (ASHRAE 2009, 2012). ASH-
RAE Standard 189.3 provides guidance for design, construction, and
operation of high-performance, green health care facilities.

Hospitals can conserve energy in various ways, such as using in-
dividual zoning control with advanced control strategies and energy
conversion devices that transfer energy from building exhaust air to
incoming outdoor air. The critical nature of the health care environ-
ment requires design and operational precautions to minimize the
chances of heat exchangers becoming a source of contaminants in
the supply air stream. Use of heat pipes, runaround loops, enthalpy
wheels, and other forms of heat recovery is increasing; ASHRAE
Standard 170 addresses their use. Large health care campuses use
central plant systems, which may include thermal storage, hydronic
economizers, primary/secondary pumping, cogeneration, heat re-
covery boilers, and heat recovery incinerators. Integrating building
waste heat into systems and using renewable energy sources (e.g.,
solar under some climatic conditions) provide substantial savings
(Setty 1976).

Selecting building and system components for cost effective
energy measures requires careful planning and design. Life-cycle
cost analysis can show the full effect of design decisions, considering
fuel and labor costs, maintenance costs, desired performance (com-
fort and air quality), replacement costs, cost of downtime, and the
value of investment dollars over time.

2. HOSPITAL FACILITIES

Although proper air conditioning is helpful in preventing and
treating disease, application of air conditioning to health care facil-
ities presents many problems not encountered in usual comfort con-
ditioning design.

The basic differences between air conditioning for hospitals (and
related health care facilities) and that for other building types stem
from the (1) need to restrict air movement in and between depart-
ments; (2) specific requirements for ventilation and filtration to
dilute and remove contamination (odor, airborne microorganisms
and viruses, hazardous chemicals, and radioactive substances); (3)
different temperature and humidity requirements for various areas;
and (4) design sophistication needed for accurate control of environ-
mental conditions.

2.1 AIR QUALITY

Systems should provide air virtually free of dust, dirt, odor, and
chemical and radioactive pollutants. In some cases, untreated out-
door air is hazardous to patients suffering from cardiopulmonary,
respiratory, or pulmonary conditions. In such instances, consider
treatment of outdoor air as discussed in ASHRAE Standard 62.1.

Infection Sources

Bacterial Infection. Mycobacterium tuberculosis and Legio-
nella pneumophila (Legionnaires’ disease) are examples of bacteria
that are highly infectious and transported in air (or air and water



mixtures). Wells (1934) showed that droplets or infectious agents of
5 um or less in size can remain airborne indefinitely.

Viral Infection. Examples of viruses that are transported by, and
virulent within, air are Varicella (chicken pox/shingles), Rubella
(German measles), and Rubeola (regular measles). Research indi-
cates that many airborne viruses that transmit infection are origi-
nally submicron in size, though in air they are often attached to
larger aerosol and/or as conglomerates of multiple viruses, which
may be more easily filtered from the airstream.

Molds. Evidence indicates that some molds such as Aspergillis
can be fatal to advanced leukemia, bone marrow transplant, and
other immunocompromised patients.

Chemicals. Hospitals use various chemicals as disinfectants,
which may require control measures for worker or patient safety.
Many pharmaceuticals are powerful chemical agents.

Control Measures

Outdoor Air Ventilation. If outdoor air intakes are properly
located and areas adjacent to the intakes are properly maintained,
outdoor air is virtually free of infectious bacteria and viruses com-
pared to room air. Infection control problems frequently involve a
bacterial or viral source within the hospital. Ventilation air dilutes
indoor viral and bacterial contamination. If ventilation systems are
properly designed, constructed, and maintained to preserve cor-
rect pressure relations between functional areas, they control the
between-area spread of airborne infectious agents and enable proper
containment and removal of pathogens from the hospital environ-
ment.

Filtration. Some authorities recommend using high-efficiency
particulate air (HEPA) filters with test filtering efficiencies of
99.97% in certain areas. Although there is no known method to ef-
fectively eliminate 100% of the viable particles, HEPA and/or
ultralow-penetration (ULPA) filters provide the greatest air-cleaning
efficiency currently available.

Pressure Differential. Directional airflow created by differen-
tial pressures, which result from controlling the HVAC system in a
particular manner, is a common control measure to help prevent dis-
persal of contaminants between adjoining spaces.

Anterooms. Isolation rooms and isolation anterooms with ap-
propriate ventilation/pressure relationships are a primary means
used to prevent the spread of airborne contaminants from space to
space in the health care environment. The addition of the anteroom
allows for the dilution and control of air that passes from one space
to another every time a door is opened and closed.

Contaminant Source Control. Certain aerosol-generating ac-
tivities may also benefit from local control techniques to minimize
virus dissemination and other contaminants. Exhausted enclosures
(e.g., biological safety cabinets, chemical fume hoods, benchtop
enclosures) and localized collection methods (e.g., snorkels, direct
equipment connections) are typical control measures. Physical lo-
cations of supply air diffusers and return/exhaust grilles in a space
can be designed to help control contaminant dispersal within the
room.

Temperature and Humidity. These conditions can inhibit or
promote the growth of bacteria, and activate or deactivate viruses.
Some bacteria, such as Legionella pneumophila, are basically wa-
terborne and survive more readily in a humid environment. Codes
and guidelines specify temperature and humidity range criteria in
some hospital areas for infection control as well as comfort. His-
torical use of flammable anesthetics also influenced the minimum
relative humidity requirements of various governing documents.
Where flammable anesthetics have been phased out, there is con-
siderable interest in lowering minimum humidity requirements
because of the humidification systems’ increased energy usage
and operational and maintenance challenges. Medical equipment
static electricity concerns and transmission and growth of various
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potential contaminants in differing humidity environments have
also been examined, and led to a relaxation of some minimum rel-
ative humidity requirements in ASHRAE Standard 170. Special-
ized patient care areas, including organ transplant and burn units,
should have additional ventilation provisions for air quality control
as may be appropriate.

Ultraviolet Light, Ionization and Chemicals. ASHRAE guid-
ance on the use of ultraviolet energy as an adjunct infection control
measure may be found in Chapter 60 of the 2015 ASHRAE Hand-
book—HVAC Applications and Chapter 17 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment. Current guidance from
the U.S. Centers for Disease Control and Prevention can be found in
CDC (2005) and NIOSH (2009). Ionization devices and/or chemical
fogging/mists are not recommended in occupied environments and
should only be considered for terminal cleaning applications in un-
occupied spaces.

Increasing Air Changes. Whether achieved by introducing
clean fresh air or filtration, increasing a room’s air change rate re-
duces its airborne burden of microorganisms, thus reducing oppor-
tunities for airborne exposures. Table 2 notes the theoretical time to
remove particles from a room being flushed with clean, filtered air,
assuming perfect mixing/perfect ventilation effectiveness in the
space (ASHRAE 2013).

Outdoor Air Intakes. These intakes should be located as far as
is practical (on directionally different [i.e., compass directions]
exposures whenever possible), but not less than 7.6 m, from com-
bustion equipment stack exhaust outlets, ventilation exhaust outlets
from the hospital or adjoining buildings, medical/surgical vacuum
systems, cooling towers, plumbing vent stacks, smoke control
exhaust outlets, and areas that may collect vehicular exhaust and
other noxious fumes. Air intakes should be located at least 9 m from
any Class 4 air exhaust discharges as defined in Standard 62.1-2010.
The bottom of outdoor air intakes serving central systems should be
located as high as practical (minimum of 3.7 m recommended) but
not less than 1.8 m above ground level or, if installed above the roof,
1 m above the roof level.

Exhaust Air Outlets. These exhausts should be located a min-
imum of 3 m above ground level and away from doors, occupied
areas, and operable windows. Preferred location for exhaust out-
lets is at roof level projecting upward or horizontally away from
outdoor air intakes. Care must be taken in locating highly con-
taminated exhausts (e.g., from engines, fume hoods, biological
safety cabinets, kitchen hoods, paint booths). Prevailing winds,
adjacent buildings, and discharge velocities must be taken into
account (see Chapter 24 of the 2017 ASHRAE Handbook—Funda-
mentals). In critical or complicated applications, wind tunnel studies
or computer modeling may be appropriate. ASHRAE Standard 170
contains additional minimum requirements for certain exhaust dis-
charges.

Air Filters. The purpose of filters is to remove contaminants
from the air. While there is no generally accepted ratio of organic to

Table 2 Effect of Air Change Rates on Particle Removal

Air Changes Time Required for Removal Time Required for Removal
per Hour, ach  Efficiency of 99%, min Efficiency of 99.9%, min

2 138 207
4 69 104
6 46 69
8 35 52
10 28 41
12 23 35
15 18 28
20 14 21
50 6 8

Source: CDC (2003).
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inorganic particles, it is generally accepted that the presence of more
airborne particles correlates to a greater number of airborne micro-
organisms that cause surgical site infections (Birgand et al. 2015).
As with most HVAC design considerations, the engineer must guide
the owner to make the best choice of filters, considering life cycle
cost and efficacy for each air handler and space.

As described in 2017 ASHRAE Handbook—Fundamentals Chap-
ter 11, air contaminants are generally classified as

« Particles: These may be aerosols or particulate matter. Particles
may be organic, inorganic, viable, or non-viable. Particles of
interest are often 0.1 to 10 wm.

 Gases: These include gases and vapors considered at the molecu-
lar level. Chapters 10 and 12 in the 2017 ASHRAE Handbook—
Fundamentals discuss techniques to manage odors.

HVAC filters, which may include prefilters, second-stage filters,
and final-stage filters, should be tested in accordance with ASH-
RAE Standard 52.2. This standard is written for testing filters un-
der controlled conditions (laboratory environment) and establishes
the minimum efficiency reporting value (MERV) of an air filter.
Filters are classified as MERV 1 to 16. Tests are based on removal
efficiency (%) in three particle size ranges: 0.3 to 1 wm, 1 to 3 um,
and 3 to 10 um. The higher the MERYV rating, the better the overall
removal. ASHRAE Standard 145.2 is written for testing gaseous
air contaminant filters under controlled conditions (laboratory en-
vironment) and establishes efficiency ratings for contaminants that
represent broad classes of organic chemicals and ozone.

Air filters necessitate a comprehensive management program,
including installation, monitoring, replacement, and disposal. Typ-
ically, the priorities for selecting an air filter are

1. Contaminant removal efficiency (MERV, MERV-A)
2. Initial and operating cost (Total cost of ownership)
3. Structural integrity

Some filters exhibit different behavior under field conditions. ISO
Standard 29462 describes testing of HVAC filters for removal effi-
ciency in field conditions. See Chapter 29 of the 2016 ASHRAE
Handbook—HVAC Systems and Equipment. All central ventilation
or air-conditioning systems should be equipped with filters having
efficiencies no lower than those indicated in ASHRAE Standard
170. Appropriate precautions should be observed to prevent wetting
the filter media by uncontrolled condensation or free moisture from
humidifiers. The filter system should be designed and equipped to
allow safe removal, disposal, and replacement of contaminated
filters.

Guidelines for filter installations are as follows:

» HEPA filters are required by Standard 170 only for protective-en-
vironment rooms. These rooms are used for patients with a high
susceptibility to infection due to leukemia, burns, bone marrow
transplant, chemotherapy, organ transplant, or human immunode-
ficiency virus (HIV). HEPA filters should also be considered for
discharge air from fume hoods or biological safety cabinets in
which infectious, highly toxic, or radioactive materials are pro-
cessed. Some hospitals choose to use HEPA filters on exhaust
originating from airborne infectious isolation rooms and on sup-
ply air to very sensitive patients, such as those in orthopedic sur-
gery. Filter seals or gaskets should be installed to prevent leakage
between filter segments and between the filter bed and its support-
ing frame. A small leak that allows any contaminated air to escape
through the filter significantly reduces performance. Leakage can
occur due to poor gaskets, warping of the rack, or holes in the
rack. Ensure that the rack is designed to withstand high lateral
pressure. Diagonal supports may be necessary to maintain the
integrity of the filter rack. Maintaining the rated filtration effi-
ciency over the entire installed service life of the filter should be

considered, particularly if the initial removal efficiency is based
on an electrostatic charge on the filter.

* High-efficiency filters should be installed in the system, with ade-
quate facilities provided for maintenance and in situ performance
testing without introducing contamination into the delivery
system or the area served. Also keep in mind maintenance work-
ers’ safety. High-efficiency filters are expensive. Energy costs
associated with the pressure drop can be 70% of the total cost of
ownership. Consider filter life, first cost, energy cost, and main-
tenance (installation, removal, and disposal). Provide a local
manometer to measure pressure drop across each filter bank. Be
sure the gauge range is appropriate (usually 0 to 500 Pa). Mark the
gage with the manufacture’s recommended initial and final pres-
sure drops. In addition, BAS control sequences to monitor and
alarm, including ability to normalize or benchmark pressure
drops and associated airflows, indicate when replacement is nec-
essary even when air handlers operate at less than full flow. Filter
system life-cycle costs can be calculated and various scenarios
compared for overall optimization (Eurovent/ CECOMAF 2005).
Installing a lower-efficiency prefilter upstream of the high-effi-
ciency filter keeps coils cleaner and extend the life of the high-
efficiency final filter.

 During construction, openings in ductwork and diffusers should
be sealed in accordance with ASHRAE Standard 170 to prevent
intrusion of dust, dirt, and hazardous materials. Such contamina-
tion is often permanent and provides a medium for growth of
infectious agents. Existing or new filters as well as coils may rap-
idly become contaminated by construction dust. The final filter
should be installed downstream of all the chilled-water coil.

Air Movement

Table 3 illustrates the degree to which contamination can be
dispersed into the air by routine patient care activities. The bacte-
rial counts in the hallway clearly indicate the spread of this con-
tamination.

Because of the bacteria dispersal from such necessary activities,
air-handling systems should provide air movement patterns that
minimize spread of contamination. Undesirable airflow between
rooms and floors is often difficult to control because of open doors,
movement of staff and patients, temperature differentials, and stack
effect, which is accentuated by vertical openings such as chutes, ele-
vator shafts, stairwells, and mechanical shafts. Although some of
these factors are beyond practical control, the effect of others may
be minimized by terminating shaft openings in enclosed rooms and
by designing and balancing air systems to create positive or negative
air pressure in certain rooms and areas.

Pressure differential causes air to flow in or out of a room through
various leakage areas (e.g., perimeter of doors and windows, utility/
fixture penetrations, cracks). A level of differential air pressure (2.5
Pa) can be efficiently maintained only in a tightly sealed room.
Therefore, it is important to obtain a reasonably close fit of all doors

Table 3 Influence of Bedmaking on Airborne
Bacterial Count in Hospitals

Count per Cubic Metre

Inside Patient

Hallway near

Item Room Patient Room
Background 1200 1060

During bedmaking 4940 2260

10 min after 2120 1470

30 min after 1270 950

Background 560

Normal bedmaking 3520

Vigorous bedmaking 6070

Source: Greene et al. (1960).
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Fig.1 Controlling Air Movement through Pressurization
(ASHRAE 2013)

and seal all walls and floors, including penetrations between pressur-
ized areas. Opening a door between two areas immediately reduces
any existing pressure differential between them, effectively nullify-
ing the pressure difference. When such openings occur, a natural
interchange of air takes place between the two rooms because of tur-
bulence created by the door opening and closing and personnel
ingress/egress. For critical areas requiring both maintenance of pres-
sure differentials to adjacent spaces and personnel movement
between the critical and adjacent areas, consider using anterooms.
The purpose of differential pressurization is to inhibit movement of
potentially infectious particles from dirty areas to clean ones. Figure
1 illustrates controlling airflow through pressurization. More air is
supplied to the cleanest areas, with less air supplied to less clean
areas, and air is exhausted from dirty areas.

In general, outlets supplying air to sensitive ultraclean areas
should be located on the ceiling, and several perimeter exhaust out-
lets should be near the floor. This arrangement provides downward
movement of clean air through the breathing and working zones to
the floor area for exhaust.

Airborne infectious isolation (AII) rooms should locate the ex-
haust outlets over the patient bed or on the wall behind the bed. Sup-
ply air may be located above and near the doorway and/or near the
exterior window with ceiling-mounted supply outlets. This arrange-
ment controls the flow of clean air first to parts of the room where
workers or visitors are likely to be, and then across the infected
source into the exhaust. Because of the relatively low air exchange
rates and minimal influence of the exhaust outlet, this arrangement’s
ability to achieve directional airflow is limited. The supply diffusers
must be carefully selected and located such that primary air throw
does not induce bedroom air to enter the corridor or anteroom (if
provided) or overly disturb the function of the exhaust to remove
contaminants (Memarzadeh and Xu 2011).

The laminar airflow concepts developed for industrial cleanroom
and pharmaceutical use have applications in surgical suites. There
are advocates of both vertical and horizontal laminar airflow sys-
tems, with and without fixed or movable walls around the surgical
team (Pfost 1981), as well as air curtain concepts. Vertical laminar
airflow in surgical operating rooms is predominantly unidirectional
where not obstructed by extensive quantities of ceiling-mounted
swing-arm booms.

Ventilation system design must, as much as possible, provide
air movement from clean to less clean areas. In critical-care areas,
use constant-volume systems to ensure proper pressure relation-
ships and ventilation. In noncritical patient care areas and staff
rooms, variable-air-volume (VAV) systems may be considered for
energy conservation; if VAV is used, take special care to ensure
that minimum ventilation rates as required by codes are main-
tained, and that pressure relationships between various spaces are
maintained. With VAV systems, a method such as air volume
tracking between supply, return, and exhaust could be used to con-
trol pressure relationships (Lewis 1988).

Smoke Control

As the ventilation design is developed, a proper smoke control
strategy must be considered. Both passive and active smoke control
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systems are in use. Passive systems rely on fan shutdown, smoke
and fire barriers, and proper treatment of duct penetrations. Active
smoke control systems use the ventilation system to create areas of
positive and negative pressures that, along with fire and smoke par-
titions, limit the spread of smoke. The ventilation system may be
used in a smoke removal mode in which combustion products are
exhausted by mechanical means. NFPA Standard 99 has specific
guidance on smoke control and other safety provisions, which have
changed in each edition. The engineer and code authority should
carefully plan system operation and configuration with regards to
smoke control. Refer to Chapter 53 and NFPA Standards 90A, 92A,
and 101 as enforced by the AHJ.

2.2 FACILITY DESIGN AND OPERATION

Zoning

Zoning (using separate air systems for different departments)
may be indicated to (1) compensate for exposures caused by orien-
tation or for other conditions imposed by a particular building con-
figuration, (2) minimize recirculation between departments, (3)
provide flexibility of operation, (4) simplify provisions for opera-
tion on emergency power, and (5) conserve energy.

Ducting the air supply from several air-handling units into a
manifold gives central systems some standby capacity. When one
unit is shut down, air is diverted from noncritical or intermittently
operated areas to accommodate critical areas, which must operate
continuously. This, or another means of standby protection, is
essential if the air supply is not to be interrupted by routine mainte-
nance or component failure.

Separating supply, return, and exhaust systems by department is
often desirable, particularly for surgical, obstetrical, pathological,
and laboratory departments. The desired relative balance in critical
areas should be maintained by interlocking supply and exhaust
fans. Thus, exhaust should cease when supply airflow is stopped in
areas otherwise maintained at positive or neutral pressure relative
to adjacent spaces. Likewise, supply air should be deactivated
when exhaust airflow is stopped in spaces maintained at a negative
pressure.

Heating and Hot Water Standby Service

When one boiler breaks down or is temporarily taken out of ser-
vice for routine maintenance, the remaining boilers should still be
able to provide hot water for clinical, dietary, and patient use; steam
for sterilization and dietary purposes; and heating for operating,
delivery, birthing, labor, recovery, intensive care, nursery, and gen-
eral inpatient rooms. Some codes or authorities do not require
reserve capacity in climates where a design dry-bulb temperature of
—4°C is equaled or exceeded for 99.6% of the total hours in any one
heating period, as noted in the tables in Chapter 14 of the 2017
ASHRAE Handbook—Fundamentals.

Boiler feed, heat circulation, condensate return, and fuel oil
pumps should be connected and installed to provide both normal
and standby service. Supply and return mains and risers for cooling,
heating, and process steam systems should be valved to isolate the
various sections. Each piece of equipment should be valved at the
supply and return ends.

Some supply and exhaust systems for delivery and operating
room suites should be designed to be independent of other fan sys-
tems and to operate from the hospital emergency power system in
the event of power failure. Operating and delivery room suites
should be ventilated such that the hospital retains some surgical and
delivery capability in cases of ventilating system failure.

Boiler steam is often treated with chemicals that may be released
into the air-handling systems serving critical areas where patients
may be more susceptible to respiratory irritation and its complica-
tions. In this case, a clean steam system could be considered for



Health Care Facilities

humidification. ASHRAE Standard 170 provides minimum require-
ments for steam treatment additives where direct injection steam is
used.

Mechanical Cooling

Carefully consider the source of mechanical cooling for clinical
and patient areas. The preferred method is to use an indirect refrig-
erating system using chilled water. When using direct refrigerating
systems, consult codes for specific limitations and prohibitions, and
refer to ASHRAE Standard 15. Until recently, it has been difficult
to maintain desired temperatures and humidity with direct expan-
sion (DX) systems. Newer technology has provided additional
means of maintaining temperature and humidity in spaces. Use care
when selecting DX equipment.

Insulation

Linings in air ducts and equipment must meet the erosion test
method described in Underwriters Laboratories Standard 181. These
linings (including coatings, adhesives, and insulation on exterior
surfaces of pipes and ducts in building spaces used as air supply ple-
nums) should have a flame spread rating of 25 or less and a smoke
developed rating of 50 or less, as determined by an independent test-
ing laboratory, per ASTM Standard E84.

ASHRAE Standard 170 does not allow duct lining to be used
downstream of the second filter bank (final filter). Duct lining with
an impervious cover may be allowed in terminal units, sound atten-
uators, and air distribution devices downstream of the second filter
bank. This lining and cover will be factory installed. Internal insu-
lation of terminal units may be encapsulated with approved materi-
als, but metal lining is preferable. Duct lining should be avoided
except where necessary for acoustical improvement; for thermal
purposes, external insulation should be used. The use of acoustical
materials as duct interior linings, exposed to air movement, should
be carefully reviewed for the application and regulatory standards in
effect. Duct-mounted sound traps, where necessary, should be of the
packless type or have polymer film linings over acoustical fill.

Testing, Adjusting, and Balancing (TAB) and
Commissioning

For existing systems, testing before beginning remodeling con-
struction (preferably before design completion) is usually a good
investment. This early effort provides the designer with information
on actual system performance and whether components are suitable
for intended modifications, as well as discloses additional necessary
modifications.

The importance of TAB for modified and new systems before
patient occupancy cannot be overemphasized. Health care facilities
require validation and documentation of system performance char-
acteristics. Often, combining TAB with commissioning satisfies
this requirement. See Chapters 39 and 44 for information on TAB
and commissioning.

Operations and Maintenance

Without routine inspection and maintenance of HVAC system
components, systems might operate outside of their optimum per-
formance parameters. This variance can affect delivered system per-
formance. Often, manufacturers’ maintenance information applies
only to their components, not the entire system. ASHRAE Standard
180 addresses the often inconsistent practices for inspecting and
maintaining HVAC systems in health care buildings where the pub-
lic may be exposed to the indoor environment. The standard estab-
lishes minimum HVAC inspection and maintenance requirements to
preserve a system’s ability to achieve acceptable thermal comfort,
energy efficiency, and indoor air quality.

The American Society for Healthcare Engineering (ASHE) (of
the American Hospital Association [AHA]) and the International

Facility Management Association (IFMA) jointly published O&M
Benchmarks for Health Care Facilities (ASHE/IFMA 2000). Health
care facility management professionals at 150 different health care
facilities, representing a broad cross section of the field, were sur-
veyed for the report, which discusses facility age and location,
utility costs and practices, maintenance costs and staffing, environ-
mental services, waste streams, linen services, and operational
costs. In addition to common facility benchmarks (e.g., cost per ar-
ea, cost per worker), the report’s analysis also includes metrics that
hospital leaders recognize, such as adjusted patient days and adjust-
ed discharges.

ASHRAE Standard 170 provides recommended operations and
maintenance procedures for certain health care specific rooms in its
Informative Appendix A. Chapter 40 of this volume also discussed
operation and maintenance.

A common cause of operational problems is the control system.
Often, sensors are out of calibration. Maintenance and/or controls
personnel often alter set points and sequences to provide short-term
fixes. Training and persistent commissioning are necessary to keep
the systems operating correctly.

Planning. Standard 170 requires that an operational facility
plan be established to ensure that the number and arrangements of
system components can best support the owner’s operational goals.
The plan should take into account the age and reliability of the
HVAC equipment, capabilities of different areas of the facility and
their criticality to the facility mission, and available personnel
resources. This plan typically examines loss of normal power sce-
narios, loss of certain pieces of HVAC equipment, back-up fuel
sources, redundant systems, temporary measures, and abnormal
events. In the event of power loss, inpatient areas should allow for
potential 24 h operation and nonambulatory patients who may not
be able to be relocated. The capital outlay for imaging and treat-
ment equipment and their associated operating personnel can be
balanced against additional potential outlays for redundant cooling
or other features as adjusted for the risk of failure.

2.3 SPECIFIC DESIGN CRITERIA

There are seven principal divisions of an acute care general
hospital: (1) surgery and critical care, (2) nursing, (3) ancillary,
(4) administration, (5) diagnostic and treatment, (6) sterilizing and
supply, and (7) service. Environmental requirements of each depart-
ment/space in these divisions differ according to their function and
procedures carried out in them. This section describes the functions
of these departments/spaces. ASHRAE Standard 170 provides
details of HVAC design requirements for spaces in the hospital that
directly affect patient care. If additional regulatory or organizational
criteria must be met, refer to those criteria for specific space require-
ments. Close coordination with health care planners and medical
equipment specialists in mechanical design and construction of
health facilities is essential to achieve the desired conditions.

Surgery and Critical Care

No area of the hospital requires more careful control of aseptic
environmental conditions than the surgical suite. Systems serving
operating rooms, including cystoscopy and fracture rooms, require
careful design to minimize concentrations of airborne organisms.

The greatest amount of bacteria found in the operating room
comes from the surgical team and is a result of their activities during
surgery. During an operation, most members of the surgical team are
near the operating table, creating the undesirable situation of con-
centrating contamination in this highly sensitive area.

Operating Rooms. Past studies of operating room air distri-
bution devices (e.g., Memarzadeh and Manning [2002]) and ob-
servation of installations in industrial cleanrooms indicate that
delivering air from the ceiling, with a downward movement to sev-
eral exhaust/return openings located low on opposite walls, is the
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most effective (and current code requirement for) air movement
pattern to minimize contamination of the surgical field. Complete-
ly perforated ceilings, partially perforated ceilings, and ceiling-
mounted diffusers have been applied successfully (Pfost 1981).
Memarzadeh and Manning (2002) found that a mixture of low and
high exhaust opening locations may work slightly better than either
all-low or all-high locations, with supply air furnished at average
velocities 0f0.13 to 1.8 m/s from a unidirectional laminar-flow ceil-
ing array. It appears that the main factor in the design of the venti-
lation system is the control of the central region of the operating
room (surgical or sterile field). The laminar flow concept generally
represents the best option for an operating room in terms of con-
tamination control, as it results in the smallest percentage of parti-
cles impacting the surgical site. Figure 6 shows a typical operating
room layout.

Operating room setback (night setback or unoccupied setback) is
a proven energy saving strategy in all climates. Love (2011) details
these strategies. Operating room suites are typically used no more
than 8 to 12 h per day (except trauma centers and emergency depart-
ments). Temperature is typically allowed to drift during setback.
Lowering the set point during unoccupied times reduces reheat ener-
gy; however, positive space pressure must be maintained. Design of
the setback solution should consider local climate, facility type, user
needs, existing conditions (where applicable), relevant code require-
ments, and cost. There are several approaches to setback. Each has
trade-offs between the level of control, complexity, and cost. Com-
mon approaches include

» Two-position supply with shutoff dampers in return/exhaust
* Pressure-independent valves on supply and return

* Modulating control damper or terminal box on return

If a return terminal box is used, consider adding a filter upstream
of the terminal box to protect the airflow sensor.

A separate anesthesia waste gas disposal vacuum system should
be provided for removal of trace gases (NFPA Standard 99). One or
more outlets may be located in each operating room to connect the
anesthetic machine scavenger hose.

Although good results have been reported from air disinfection
of operating rooms by irradiation, this method is seldom used. The
reluctance to use irradiation may be attributed to the need for special
designs for installation, protective measures for patients and person-
nel, constant monitoring of lamp efficiency, and maintenance.
Ultraviolet germicidal irradiation (UVGI) air and surface treatments
have emerging applications in health care facilities; see Chapter 60
for general information on their application.

The following conditions are recommended for operating, cath-
eterization, and cystoscopy rooms:

» Temperature set points should be adjustable to suit the surgical
staff, and relative humidity should be maintained within the
required range. Systems should be able to maintain the pro-
grammed space temperature and temperature rates of change for
specialized procedures such as cardiac surgery. Tolerable tem-
perature ranges are not intended to be dynamic control ranges.
Special or supplemental cooling equipment should be considered
if this lower temperature negatively affects energy use for sur-
rounding areas.

 Air pressure should be kept positive with respect to any adjoining
rooms. A differential-pressure-indicating device should be in-
stalled to help monitor air pressure readings in the rooms.
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Thorough sealing of all wall, ceiling, and floor penetrations are
essential to maintaining pressure differential.

* Humidity and temperature indicators should be located for easy
observation. Occupant control of temperature may result in an
unintended change in relative humidity.

« Filter efficiencies should be in accordance with ASHRAE Stan-
dard 170 and the user’s requirements. Supply air HEPA filtration
has been applied for some orthopedic surgical suites where long
procedures with large open wound sites and significant genera-
tion of aerosols caused by use of surgical tools may occur. HEPA
filtration has also been applied for high-air-change-rate recircula-
tion systems where required by the surgical team.

* Air should be supplied at the ceiling with exhaust/return from at
least two locations near the floor spaced approximately half of the
room apart. Endoscopic, laparoscopic, or thoracoscopic surgery
procedures aided by camera, and robotic or robot-assisted surgery
procedures, require heat-producing equipment in the operating
room. Exhaust/return openings located above this equipment can
capture the more buoyant heated air and prevent it from being re-
entrained in the ceiling supply airstream. The bottom of low open-
ings should be at least 75 mm above the floor. Supply diffusers
should be unidirectional (laminar-flow), located over the patient
and the surgical team. High-induction ceiling or sidewall diffus-
ers should be avoided.

» Total air exchange rates should address lights and equipment
(e.g., blanket and blood warmers, fiber-optic equipment, robotic
consoles) as well as the peak occupancy of the space and the po-
tentially lower temperature required.

* Generally, all humidification should be done at the air handler.
Where there is an unusual requirement for different humidity lev-
els in different ORs, then sufficient lengths of straight, watertight,
drained stainless steel or aluminum duct should be installed
downstream of humidification equipment to ensure complete
evaporation of water vapor before air is discharged into the room.
Consider also providing a viewing window in the ductwork to
allow easy verification of system performance.

Obstetrical Areas. The pressure in the obstetrical department
should be positive or equal to that in other areas.

Delivery (Caesarean) Rooms. The delivery room design should
conform to the requirements of operating rooms.

Recovery Rooms. Because the smell of residual anesthesia
sometimes creates odor problems in recovery rooms, ventilation is
important, and a balanced air pressure relative to that of adjoining ar-
eas should be provided.

Intensive Care Units. These units serve seriously ill patients,
such as postoperative and coronary patients. HVAC is similar to
general inpatient rooms unless used for wound (burn) intensive care.

Nursery Suites. Air movement patterns in nurseries should be
carefully designed to reduce the possibility of drafts. Some codes or
jurisdictions require that air be removed near floor level, with the
bottoms of exhaust openings at least 75 mm above the floor; the rel-
ative efficacy of this exhaust arrangement has been questioned by
some experts, because exhaust air outlets have a minimal effect on
room air movement at the relatively low air exchange rates involved.
Finned-tube radiation and other forms of convection heating should
not be used in nurseries.

Full-Term Nurseries. The nursery should have a positive air pres-
sure relative to the work space and examination room, and any
rooms located between the nurseries and the corridor should be sim-
ilarly pressurized relative to the corridor.

Special-Care Nurseries. This type of nursery is usually equipped
with individual incubators to regulate temperature and humidity. It
is desirable to maintain these same conditions in the nursery proper
to accommodate both infants removed from the incubators and

those not placed in incubators. Pressurization of special-care nurs-
eries should correspond to that of full-term nurseries.

Observation Nurseries. Temperature and humidity requirements
for observation nurseries are similar to those for full-term nurseries.
Because infants in these nurseries have unusual clinical symptoms,
air from this area should not enter other nurseries. A negative air
pressure relative to that of the workroom should be maintained in
the nursery. The workroom, usually located between the nursery
and the corridor, should be pressurized relative to the corridor.

Emergency Rooms. Emergency rooms are typically the most
highly contaminated areas in the hospital because of the condition
of many arriving patients and the large number of persons accom-
panying them. Waiting rooms and triage areas require special con-
sideration due to the potential to house undiagnosed patients with
communicable airborne infectious diseases. Clean-to-dirty direc-
tional airflow and zone pressurization techniques should be main-
tained, to reduce the potential of airborne exposure for health care
personnel assigned to the emergency room reception stations.

Trauma Rooms. Emergency trauma rooms located with the
emergency department should have the same temperature, humidity,
and ventilation requirements as those of other applicable operating
rooms.

Anesthesia Storage Rooms. Anesthesia storage rooms must be
mechanically ventilated in conformance with several detailed re-
quirements in NFPA Standard 99. Building codes may impose ad-
ditional requirements on the storage of compressed gases.

Nursing

Patient Rooms. Each patient room should have individual tem-
perature control. Air pressure in general patient suites can be neutral
in relation to other areas. Most governmental design criteria and
codes require that all air from toilet rooms be exhausted directly out-
doors. The requirement appears to be based on odor control, though
recent research has documented the ability of toilets to generate
droplets and aerosols (Johnson et al. 2013). Where recirculating
room unit systems are used within patient rooms, it is common prac-
tice to exhaust through the adjoining toilet room an amount of air
equal to the amount of outdoor air brought in for ventilation. Venti-
lation of toilets, bedpan closets, bathrooms, and all interior rooms
should conform to applicable codes.

HVAC energy consumption by patient rooms can be a major con-
tributor to a hospital’s overall HVAC energy usage because they are
constantly occupied. This high occupancy rate, along with the
space’s minimum air change requirements, should be a focus of
methods to minimize energy use. Design requirements for mini-
mum air changes may result in excessive reheating of supply air
from central air-handling units in certain climate zones and building
exposures.

Protective Environment Isolation Units. Immunosuppressed
patients (including bone marrow or organ transplant, leukemia,
burn, and AIDS patients) are highly susceptible to diseases. Some
physicians prefer an isolated laminar airflow unit to protect the
patient; others feel that the conditions of the laminar cell have a psy-
chologically harmful effect on the patient and prefer flushing out the
room and reducing pathogens in the air. An air distribution of 12 air
changes per hour (ach) supplied through a nonaspirating diffuser is
often recommended. With this arrangement, the clean air is drawn
across the patient and removed at or near the door to the room. Pro-
tective environment rooms are sometimes treated as clean spaces
with design considerations such as an anteroom, supply air HEPA
filtration, and particle count testing evaluated during design.

In cases where the patient is immunosuppressed but not conta-
gious, positive pressure must be maintained between the patient
room and adjacent area. Some jurisdictions may require an ante-
room, maintenance of differential pressure, and local pressure mon-
itoring or alarming. Exam and treatment rooms for these patients
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should be controlled in the same manner. Positive pressure should
also be maintained between the entire unit and adjacent areas to pre-
serve clean conditions.

Exceptions to normally established negative and positive pressure
conditions include operating rooms where highly infectious patients
may be treated (e.g., operating rooms in which bronchoscopy or lung
surgery is performed) and infectious isolation rooms that house
immunosuppressed patients with airborne infectious diseases such
as tuberculosis (TB). When a patient is both immunosuppressed and
potentially contagious, combination airborne infectious isolation/
protective environment (combination AII/PE) rooms are pro-
vided. These rooms require an anteroom, which must be either pos-
itive or negative to both the AII/PE room and the corridor or common
space. Either of these anteroom pressurization techniques minimizes
cross contamination between the patient area and surrounding areas,
and may be used depending on local fire smoke management regu-
lations. Pressure controls in the adjacent area or anteroom must
maintain the correct pressure relationship relative to the other adja-
cent room(s) and areas. A separate, dedicated air-handling system to
serve the protective isolation unit simplifies pressure control and air
quality (Murray et al. 1988). Figure 3 shows a typical protective envi-
ronment room arrangement. The differential pressure (DP) sensor
measures the differential pressure between the patient room and the
corridor. If the patient room becomes negative with respect to the
corridor, alarm lights are triggered to alert staff of the change in pres-
surization.

Airborne Infection Isolation Unit. The airborne infection iso-
lation (AII) room protects the rest of the hospital from patients’ air-
borne infectious diseases. Multidrug-resistant strains  of
tuberculosis have increased the importance of pressurization, air
change rates, filtration, and air distribution design in these rooms
(Rousseau and Rhodes 1993). Temperatures and humidities should
correspond to those specified for patient rooms.

The designer should work closely with health care planners and
the code authority to determine the appropriate isolation room
design. It may be desirable to provide more complete control, with
a separate anteroom used as an air lock to minimize the potential
that aerosol from the patients’ area reach adjacent areas. Design
approaches to airborne infection isolation may also be found in
CDC (2005). AIl room exhaust may include HEPA filtration where
there is a concern over recirculation of the exhaust air into nearby
building air intakes or due to concern of the location of where main-
tenance workers may be working. Figure 4 shows a typical All room
arrangement with an anteroom. The differential pressure (DP) sen-
sor measures the differential pressure between the patient room and
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the corridor. If the Al patient room becomes positive with respect
to the corridor, alarm lights are triggered to alert staff.

Some facilities have switchable isolation rooms (rooms that can
be set to function with either positive or negative pressure). CDC
(2005) and FGI (2014a) have, respectively, recommended against
and prohibited this approach. The two drawbacks of this approach
are that (1) it is difficult to maintain the mechanical dampers and
controls required to accurately provide the required pressures, and
(2) it provides a false sense of security to staff who think that this
provision is all that is required to change a room between protective
isolation and infectious isolation, to the exclusion of other sanitizing
procedures.

Biocontainment Treatment Areas (BTAs). These patient treat-
ment areas (also called biocontainment patient care units) are of
increasing interest and should possibly adopt the previously dis-
cussed clean-to-dirty zoning and airflow paradigm. BTAs are spe-
cial and often isolated clinical and supporting areas specifically
designed to minimize nosocomial transmission during treatment of
patients with suspected or confirmed highly contagious and hazard-
ous illnesses. The design focus for these areas is to protect both the
hospital and attending healthcare workers, while providing an envi-
ronment conducive to patient treatment and recovery. This is par-
tially achieved by following protective engineering and design
principles similar to those used in biosafety level 3 and 4 laboratory
facilities (Smith et al. 2006). Exact design features for BTAs can
vary depending on illness, modes of disease transmission, and avail-
able resources, and BTAs may be designed as disease-specific treat-
ment (or triage) areas or for an all-hazards infectious disease
approach. The spectrum of care may be very broad, ranging from
basic medical observation to intensive clinical care. The most pro-
tective BTA design features include a clean-to-dirty single-pass air-
flow design that augments an established clean-to-dirty human and
material workflow. This approach often incorporates separate entry
and exit points from the patient room. Anterooms at the entry point
can be used for donning personal protective equipment (PPE) as
well as clean observation areas for use by unexposed observers.
Patient rooms within the BT A should be under negative pressure and
may benefit from being AIl rooms. Key system redundancies (i.e.,
power, HVAC, exhaust) should be considered and incorporated if
integral to the effectiveness of the BTA’s functional intent. Due to
the significant PPE requirements and their corresponding influence
on worker heat stress, the patient room conditioning capacity should
allow for room temperatures below those commonly used for inpa-
tient treatment.

BTA patient rooms should ideally have private bathrooms with
self-closing doors, toilets with fully closing toilet lids (as allowed by
local code and the AHJ), and hands-free electronic faucets. Negative
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air pressure, enhanced exhaust airflow volumes, and strategic
exhaust louver placement to facilitate capture and removal of toilet
plume aerosols are appropriate considerations for such patient bath-
rooms. Exit points and pathways from the patient room should con-
sider issues such as worker/material decontamination and PPE
doffing, sufficient temporary storage for hazardous medical waste,
and exit path routing of wastes and laboratory samples.

A dedicated laboratory capacity may also be incorporated into
the BTA and should be placed in a location that is compatible with
the clean-to-dirty paradigm. Facilities considering more than one
patient room in their BTA may want to consider incorporating a
shared exit-path anteroom to accommodate many of these functions
while optimizing usage of space. Depending on the scope, size, and
capacity of the BTA, dedicated BTA worker restrooms, decontami-
nation showers, changing rooms, PPE storage, and break areas may
be appropriate. Facilities that specialize in pediatric patients may
also consider special observation and/or interactive capabilities
(e.g., specialized glove ports built into wall of clean observation
area) that allow for safe familial interaction with pediatric patients.
Figure 5 contains a sample layout of a biocontainment unit.

Floor Pantry. Ventilation requirements for this area depend
upon the type of food service used by the hospital. Where bulk food
is dispensed and dishwashing facilities are provided in the pantry,
using hoods above equipment with exhaust to the outdoors is
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recommended. Small pantries used for between-meal feedings
require no special ventilation. Air pressure of the pantry should be
in balance with that of adjoining areas to reduce air movement in
either direction.

Labor/Delivery/Recovery/Postpartum (LDRP). The proce-
dures for normal childbirth are considered noninvasive, and rooms
are controlled similarly to patient rooms. Some jurisdictions may
require higher air change rates than in a typical patient room. It is
expected that invasive procedures such as cesarean section are per-
formed in a nearby operating room.

Ancillary

Radiology Department. Factors affecting ventilation system
design in these areas include odors from certain clinical treatments
and the special construction designed to prevent radiation leakage.
Fluoroscopic, radiographic, therapy, and darkroom areas require
special attention.

Fluoroscopic, Radiographic, and Deep Therapy Rooms. These
rooms may require a temperature from 25.5 to 26.7°C and a relative
humidity from 40 to 50%. This relative humidity range control often
requires dedicated room equipment and control. Depending on the
location of air supply outlets and exhaust intakes, lead lining may be
required in supply and return ducts at points of entry to various clin-
ical areas to prevent radiation leakage to other occupied areas.
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Darkroom. The darkroom is normally in use for longer periods
than x-ray rooms and should have an exhaust system to discharge air
to the outdoors. Exhaust from the film processor should be con-
nected into the darkroom exhaust system.

Laboratories. Air conditioning is necessary in laboratories for
the comfort and safety of the technicians (Degenhardt and Pfost
1983). Chemical fumes, odors, vapors, heat from equipment, and
the undesirability of open windows all contribute to this need. Pay
particular attention to the size and type of equipment used in the var-
ious laboratories, because equipment heat gain usually constitutes a
major portion of the cooling load; see Table 7 in Chapter 18 of the
2013 ASHRAE Handbook—Fundamentals for examples.

The general air distribution and exhaust systems should be
constructed of conventional materials following standard designs
for the type of systems used. Exhaust systems serving hoods in
which radioactive materials, volatile solvents, and strong oxidizing
agents (e.g., perchloric acid) are used should be made of stainless
steel. Washdown facilities and dedicated exhaust fans should be
provided for hoods and ducts handling perchloric acid.

Hood use may dictate other duct materials. Hoods in which
radioactive, carcinogenic, or infectious materials are to be used
should be equipped with high-efficiency (HEPA) filters for the
exhaust and have a procedure and equipment for safe removal and
replacement of contaminated filters. Exhaust duct routing should be
as short as possible with minimal horizontal offsets and, when pos-
sible, duct portions with contaminated air should be maintained
under negative pressure (e.g., locate fan on clean side of filter). This
applies especially to perchloric acid hoods because of the extremely
hazardous, explosive nature of this material. Hood exhaust fans
should be located at the discharge end of the duct system to prevent
exhaust products entering the building. The hood exhaust system
should not shut off if the supply air system fails. Chemical storage
rooms must have a constantly operating exhaust air system. For fur-
ther information on laboratory air conditioning and hood exhaust
systems, see AIHA Standard 79.5, Hagopian and Hoyle (1984),
NFPA Standard 45, and Chapter 16 of this volume.

Exhaust air from hoods in biochemistry, histology, cytology,
pathology, glass washing/sterilizing, and serology-bacteriology
units should be discharged to the outdoors with no recirculation.
Use care in designing the exhaust outlet locations and arrange-
ments: exhaust should not be reentrained in the building through
outdoor air intakes or other building openings. Separation from
outdoor air intake sources, wind direction and velocity, building
geometry, and exhaust outlet height and velocity are important. In
many laboratory exhaust systems, exhaust fans discharge vertically
at a minimum of 3 m above the roof at velocities up to 20 m/s. The
entire laboratory area should be under slight negative pressure to
reduce the spread of odors or contamination to other hospital areas.
Temperatures and humidities should be within the comfort range.

Bacteriology Laboratories. These units should not have undue
air movement; limit air velocities to a minimum. The sterile transfer
room, which may be within or adjoining the bacteriology labora-
tory, is where sterile media are distributed and where specimens are
transferred to culture media. To maintain a sterile environment, a
HEPA filter should be installed in the supply air duct near the point
of entry to the room. The media room should be ventilated to
remove odors and steam.

Infectious Disease and Virus Laboratories. These laborato-
ries, found only in large hospitals, require special treatment. A min-
imum ventilation rate of 6 ach or makeup approximately equal to
hood exhaust volume is recommended for these laboratories, which
should have a negative air pressure relative to adjacent areas to help
prevent exfiltration of airborne contaminants. Exhaust air from
fume hoods or safety cabinets must be sterilized before being
exhausted to the outdoors. This may be accomplished by using elec-
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tric or gas-fired heaters placed in series in the exhaust systems and
designed to heat the exhaust air to 315°C. A more common and less
expensive method of sterilizing the exhaust is to use HEPA filters in
the system.

Nuclear Medicine Laboratories. Such laboratories administer
radioisotopes to patients orally, intravenously, or by inhalation to fa-
cilitate diagnosis and treatment of disease. There is little opportunity
in most cases for airborne contamination of the internal environment,
but exceptions warrant special consideration. One important excep-
tion involves the use of iodine-131 solution in capsules or vials to
diagnose thyroid disorders. Another involves use of xenon-133 gas
via inhalation to study patients with reduced lung function.

Capsules of iodine-131 occasionally leak part of their contents
before use. Vials emit airborne contaminants when opened for
preparation of a dose. It is common practice for vials to be opened
and handled in a standard laboratory fume hood; a minimum face
velocity of 0.5 m/s should be adequate for this purpose. This recom-
mendation applies only where small quantities are handled in sim-
ple operations. Other circumstances may warrant use of a glove box
or similar confinement. Diagnostic use of xenon-133 involves a spe-
cial instrument that allows the patient to inhale the gas and to exhale
back into the instrument. The exhaled gas is passed through a char-
coal trap mounted in lead, and is often vented outdoors. The process
suggests some potential for escape of the gas into the internal envi-
ronment.

Because of the specialized nature of these operations and of the
equipment involved, it is recommended that system designers deter-
mine the specific instrument to be used and contact the manufac-
turer for guidance. Other guidance is available in U.S. Nuclear
Regulatory Commission Regulatory Guide 10.8 (NRC 1980). In
particular, emergency procedures in case of accidental release of
xenon-133 should include temporary evacuation of the area and/or
increasing the ventilation rate of the area. Recommendations for
pressure relationships, supply air filtration, supply air volume, air-
borne particle counts, recirculation, and other attributes of supply
and discharge systems for histology, pathology, pharmacy, and
cytology laboratories are also relevant to nuclear medicine labora-
tories. The NRC does, however, impose some special ventilation
system requirements where radioactive materials are used. For
example, NRC (1980) provides a computational procedure to esti-
mate the airflow necessary to maintain xenon-133 gas concentration
at or below specified levels. It also contains specific requirements as
to the amount of radioactivity that may be vented to the atmosphere;
the disposal method of choice is adsorption onto charcoal traps.

Autopsy Rooms. Susceptible to heavy bacterial contamination
(e.g., tuberculosis) and odor, autopsy rooms must maintain a nega-
tive air pressure relative to adjoining rooms or the corridor to help
prevent the spread of contamination (Murray et al. 1988). Autopsy
rooms are part of the hospital’s pathology department and require
special attention (CDC 2005). Exhaust intakes should be located
both at the ceiling and in the low sidewall. Where large quantities of
formaldehyde are used, special exhaust systems can effectively con-
trol concentrations below legal exposure limits. A combination of
localized exhaust and ventilation systems with downdraft or side-
draft tables has been shown to effectively control concentrations
while using smaller exhaust volumes than those required by dilution
ventilation (Gressel and Hughes 1992). In smaller hospitals where
the autopsy room is used infrequently, local control of the ventila-
tion system and an odor control system with either activated char-
coal or potassium permanganate-impregnated activated alumina
may be sufficient.

Animal Quarters. Principally because of odor, animal quarters
(found only in larger research hospitals) require a mechanical ex-
haust system that discharges contaminated air above the hospital roof
and maintains a negative air pressure relative to adjoining areas to
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help prevent the spread of odor, allergens, or other contaminants.
Chapter 16 has further information on animal room air conditioning.

Pharmacies. Design and ventilation requirements for pharma-
cies can vary greatly according to the type of compounding per-
formed within the space. Pharmacies handling hazardous drugs and/
or involved in sterile compounding activities have special require-
ments for incorporating primary engineering controls (PECs) such
as horizontal or vertical laminar-airflow workbenches (LAFW),
biological safety cabinets (BSC), and compounding (barrier) iso-
lators. Room air distribution and filtration must be coordinated
with any PECs that may be needed. See Chapters 16 and 18 for
more information.

Sterile Compounding. Sterile pharmaceutical compounding re-
quirements are prescribed by USP (2008). USP Chapter 797 is en-
forceable under the U.S. Food and Drug Administration, is adopted
in whole or in part by many state boards of pharmacy, and may be
incorporated into the inspection programs of health care accredita-
tion organizations. The Joint Commission recognized USP 797 as a
consensus-based safe practice guideline for sterile compounding;
however, they do not require its direct implementation as a condi-
tion of accreditation. End users, owners, architects, and engineers
should consult the most recent release of USP 797, which is under
continuous maintenance, as well as applicable sterile compounding
design guidance adopted by their state boards of pharmacy.

USP 797 prescribes that all sterile pharmaceutical preparations
to be administered more than 1 h after preparation must be com-
pounded entirely within a critical work zone protected by a unidi-
rectional, HEPA-filtered airflow of ISO class 5 (former class 100
under withdrawn Federal Standard 209E; see Chapter 18 for class
definitions) or better air quality. This ISO class 5 environment is
generally provided using a primary engineering control (PEC) such
as a LAFW, BSC, or compounding isolator. USP 797 also requires
that the ISO class 5 critical work zone be placed within a buffer area
(also called a buffer room or cleanroom) (the air quality of which
must meet a minimum of ISO class 7) and contain air-conditioning
and humidity controls. Adjacent to the buffer area, the sterile com-
pounding pharmacy design must incorporate an ante area for stor-
age, hand washing, nonsterile preparation activities, donning and
doffing of protective overgarments, etc. The air cleanliness in the
ante area must be a minimum of ISO class 8 (exception: see the fol-
lowing Hazardous Drugs section). The ante area and buffer area
constitute secondary engineering controls. Low-risk preparations
that are nonhazardous and destined for administration within 12 h of
compounding are granted an exemption from these secondary engi-
neering controls if they are prepared within an ISO class 5 PEC and
the compounding area is segregated from noncompounding areas.
Pharmacy designers should note that the ISO class 5, 7, and 8 air
cleanliness requirements are specified for dynamic conditions (USP
2008). Although ASHRAE Standard 170 does not prescribe a de-
sign temperature for health care pharmacies, USP 797 recommends
a maximum temperature of 20°C because of the increased thermal
insulation that results from wearing protective clothing and the ad-
verse sterility conditions that could arise from uncomfortably warm
and/or sweaty pharmacy workers.

Beyond air quality requirements, the physical design features sep-
arating the buffer area from the ante area are based on the pharmacy’s
compounded sterile preparation (CSP) risk level (low, medium, or
high) for microbial, chemical, and physical contamination. USP 797
instructs pharmacy professionals on how to determine their phar-
macy’s CSP risk level based on purity and packaging of source
materials, quantity and type of pharmaceuticals, time until its admin-
istration, and various other factors. The desired CSP risk level capa-
bility should be identified before designing the pharmacy design
layout. Pharmacies intended for compounding high-risk-level CSPs
require a physical barrier with a door to separate the buffer room
from the anteroom, and the buffer room must be maintained at a
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minimum positive pressure differential of 5 Pa. For medium- and
low-risk level CSPs, the buffer area and ante area can be in the same
room, with an obvious line of demarcation separating the two areas
and with the demonstrable use of displacement airflow, flowing from
the buffer area towards the ante area. Depending on the affected
cross-sectional area and the moderately high velocity required to
maintain the displacement uniformity (typically 0.2 m/s or greater),
designers may find the physical barrier design to be a more energy
friendly approach. USP further prescribes areas to receive a mini-
mum of 30 ach (with up to 15 of these provided by the PEC) if the
area is designated to be ISO class 7. There is no minimum ventilation
requirement prescribed for ISO class 8 ante areas (USP 2008).

Selecting pharmacy PECs can be a delicate task. Class II BSCs
are currently certified following the construction and performance
guidelines developed by the National Sanitation Foundation (NSF)
and adopted by the American National Standards Institute (ANSI/
NSF Standard 49-2014). However, no such national certification
program exists for compounding isolators. USP 797 addresses this
shortcoming by referencing isolator testing and performance guide-
lines developed by the Controlled Environment Testing Association
(CETA 2006).

Hazardous Drugs. Compounding hazardous drugs is another
pharmaceutical operation that requires special design consider-
ations. NIOSH (2004) warned of the dangers of occupational expo-
sures to hazardous drugs, over 130 of which were defined and
identified; roughly 90 of these drugs were antineoplastic agents pri-
marily used during cancer treatments. Several of NIOSH’s recom-
mended protective measures can affect a pharmacy’s ventilation
design and physical layout. These recommendations include the fol-
lowing:

* Prepare hazardous drugs in an area devoted to that purpose alone
and restricted to authorized personnel.

» Prepare hazardous drugs inside a ventilated cabinet designed to
prevent hazardous drugs from being released into the work envi-
ronment.

» Use a high-efficiency particulate air (HEPA) filter for exhaust
from ventilated cabinets and, where feasible, exhaust 100% of the
filtered air to the outdoors, away from outdoor air intakes or other
points of entry.

* Place fans downstream of HEPA filters so that contaminated ducts
and plenums are maintained under negative pressure.

* Design the exhaust system such that negative pressure is main-
tained in the cabinet in the event of fan failure.

» Do not use ventilated cabinets (BSCs or compounding aseptic
containment isolators [ CAClIs]) that recirculate air inside the cab-
inet or that exhaust air back into the pharmacy unless the hazard-
ous drug(s) in use will not volatilize (evaporate or sublimate)
while they are being handled or after they are captured by the
HEPA filter. (Note: This recommendation is a shift from tradi-
tional pharmacy design practice and involves knowledge of the
physical properties of drugs within the current drug formulary as
well as future new drugs that might be compounded within the
cabinet. Within-cabinet recirculation [e.g., BSC class II Type A2
or B1] is allowed when airstream has zero or only minute vapor
drug contaminant.)

* Store hazardous drugs separately from other drugs, in an area with
sufficient general exhaust ventilation to dilute and remove any
airborne contaminants. Depending on the physical nature and
quantity of the stored drugs, consider installing a separate, high-
volume, emergency exhaust fan capable of quickly purging air-
borne contaminants from the storage room in the event of a spill,
to prevent airborne migration into adjacent areas.

The American Society of Health Systems Pharmacists’ Guide-
lines on Handling Hazardous Drugs (ASHP 2006) adopted NIOSH’s
(2004) protective equipment recommendations, and added the
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specification that hazardous drug compounding should be done in a
contained, negative-pressure environment or one that is protected
by an airlock or anteroom.

Often, hazardous drugs also require sterile compounding. If so,
pharmacies must have an environment suitable for both product ste-
rility and worker protection. ASHP (2006), NIOSH (2004), and
USP (2008) all address these dual objectives by recommending the
use of BSCs or compounding aseptic containment isolators. The
precautionary recommendations regarding in-cabinet recirculation
and cabinet-to-room recirculation of air potentially contaminated
with hazardous drugs still apply. In addition, USP 797 requires haz-
ardous drug sterile compounding to be conducted in a negative-
pressure compounding area and to be stored in dedicated storage
areas with a minimum of 12 ach of general exhaust. When CACIs
are used outside of an ISO 7 buffer area, the compounding area must
maintain a negative pressure of 2.5 Pa and also have a minimum of
12 ach. Anterooms adjacent to an ISO 7 buffer area must also be ISO
7, since there will be air leakage from the anteroom into the negative
pressure hazardous drug buffer area.

Table 4 provides a matrix of design and equipment decision logic
based on USP 797 and NIOSH (2004).

In February 2016, USP published a new pharmaceutical standard
identified as general chapter 800: Hazardous Drugs—Handling in
Healthcare Settings. The new chapter applies to all hazardous drug
compounding, whereas the previously published guidance in USP
797 was only applicable to sterile compounding. As a USP chapter
numbered less than 1000, it is federally enforceable, as well as
adoptable (in whole or in part) by individual state boards of phar-
macy. Although published in 2016, USP 800 has an official imple-
mentation date of December 1, 2019 to allow health care facilities
sufficient time to implement necessary engineering design require-
ments. The USP 800 chapter applies to all health care facilities
(including veterinary facilities) where hazardous drugs are handled,
manipulated, stored, or distributed. Most of the guidance for haz-
ardous drug sterile compounding carries over from USP 797, but
there are two major changes: (1) the low-volume exemption men-
tioned in Table 3 no longer applies, and (2) USP 800 allows low-to-
medium risk sterile compounding to occur in an ISO 5 PEC placed
in a nonclassified area (segregated compounding area) in accor-
dance with USP 797 use limitations. The USP 800 chapter adopts a
reception-through-administration approach to protecting health
care workers from hazardous drug exposures and provides specified
requirements for receiving, storing, mixing, preparing, compound-
ing, dispensing, and administering hazardous drugs. Most of these
requirements include an engineering and/or architectural design
component are summarized in Table 5.

Administration

This department includes the main lobby and admitting, medical
records, and business offices. Admissions and waiting rooms may
harbor patients with undiagnosed airborne infectious diseases, so
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consider using local exhaust systems that move air toward the ad-
mitting patient. A separate air-handling system is considered desir-
able to segregate this area from the hospital proper, because it is
usually unoccupied at night and thus a good candidate for energy
savings control solutions. Open-water features are strongly discour-
aged inside health care occupancies; if closed water features are
proposed, provide water treatment and other administrative and en-
gineering controls to protect occupants from infectious or irritating
aerosols. Refer to ASHRAE Standard 188-2015 and Guideline 12
for further guidance.

Diagnostic and Treatment

Bronchoscopy, Sputum Collection, and Pentamidine Ad-
ministration Procedures. These procedures have a high potential
for discharges of potentially infectious droplet nuclei into the
room air via coughing. Bronchoscopy procedures can release
airborne aerosols into the room from a patient who could possibly
be diagnosed with tuberculosis, and nontherapeutic exposures to
pentamidine are an additional exposure concern. The procedures
and patient recovery period (when excessive coughing may occur)
are best suited for an airborne infectious isolation (AII) room.
ASHRAE Standard 170 requires local capture exhaust (enclosed
administration booth, enclosing hood or tent) near the
bronchoscopy procedure site along with exhaust and pressurization
similar to an AIl room.

Magnetic Resonance Imaging (MRI) Rooms. These rooms
should be treated as exam rooms in terms of temperature, humidity,
and ventilation. However, special attention is required in the control
room because of the high heat release of computer equipment, and in
the exam room because of the cryogens used to cool the magnet.
Nonferrous material requirements and shielding penetrations should
be in accordance with the specific manufacturer’s requirements.

Heat Gains from Medical Equipment. Table 6 in Chapter 18 of
the 2017 ASHRAE Handbook—Fundamentals tabulates typical heat
gain from many types of smaller mobile medical equipment. ASH-
RAE research project RP-1343 (Koenigshofer et al. 2009) devel-
oped methods to test heat gain from large, fixed medical imaging
equipment systems at both idle and peak outputs during operational
cycles. Tables 6 and 7 present results for some of the equipment test-
ed in RP-1343. Medical equipment heat outputs can vary widely
among different manufacturers, even for equipment that performs a
similar function, and the medical equipment field is rapidly advanc-
ing. The functional program should identify specific manufacturers
and models for the HVAC designer’s use early in the design process.

Treatment Rooms. Patients are brought to these rooms for spe-
cial treatments (e.g., hyperbaric oxygen therapy) that cannot be con-
veniently administered in patient rooms. To accommodate the
patient, the rooms should have independent temperature and humid-
ity control. Temperatures and humidities should correspond to those
specified for patients’ rooms.

Table 4 Minimum Environmental Control Guidance for Pharmacies

Compounding Scenario

Hazardous Drug (HD) (Requires separate area)

Nonhazardous Drug

Sterile compounding to be

administered within 12 h buffer + ISO 7 ante areas

Sterile compounding to be
administered after 12 h or
more

buffer + ISO 7 ante areas

Nonsterile compounding

ISO 5 CACI or BSC within negative-pressure ISO 7

ISO 5 CACI or BSC within negative-pressure ISO 7

Needs compounding containment isolator or BSC

If immediate use and low risk: no environmental requirements if admin-
istered <12 h + ISO 5 PEC within segregated compounding area

ISO 5 PEC + ISO 7 buffer + ISO 8 ante areas

- High-risk compounding requires physical barrier with min. positive
pressure (5 Pa) in buffer room relative to anteroom

- Medium- and low-risk compounding may use physical barrier (as per
high risk) or a clearly identified line of demarcation between buffer and
ante areas with uniform displacement airflow (min. of 0.2 m/s recom-
mended) in direction of buffer to ante areas

No sterility or occupational exposure controls required

*For facilities that prepare a low volume of hazardous drugs and use two tiers of containment (e.g., CSTD within CACI or BSC), a negative-pressure buffer area is not required.
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Table 5 Engineering Requirements for Receiving, Storing, and Manipulating Hazardous Drugs

Activity

Minimum Engineering Requirements

Hazardous drug receipt/unpacking
Hazardous drug storage*

Nonsterile HD compounding

Sterile HD compounding (two allowable configurations):

Buffer room configuration

Segregated compounding area configuration (for low- and medium-risk
compounding use only; see USP 797 for compounding risk determinations)

Segregated area at negative or neutral pressure to surrounding areas
Segregated area, externally vented, (2.5 Pa) negative pressure, 12 ach
Containment, primary engineering control (C-PEC): externally vented (pre-
ferred) or redundant HEPA filtered.

Containment, secondary engineering control (C-SEC): externally vented, (2.5
Pa) negative pressure, 12 ach

C-PEC: ISO 5 direct compounding area, externally vented [e.g. Class II
(Types A2, B1 or B2), Class III BSC or CACI]

C-SEC: externally vented, ISO 7 buffer area, (2.5 Pa) negative pressure, 30
ach plus ISO 7 anteroom, (5 Pa) positive pressure relative to all adjacent
unclassified areas, 30 ach

Nonclassified air cleanliness, 12 ach, 2.5 Pa negative pressure

*Non-antineoplastic-reproductive risk only, and final dosage forms of antineoplastic HDs may be stored with other inventory if permitted by entity policy.

Table 6 Summary of Heat Gain to Air from Imaging Systems

Table 7 Summary of Heat Gain to Air

Maximum Manufacturer’s
60 min Calculated Design
Time-Weighted Idle, Information,
System Average, kW kW kW
MRI #1 24.42 22.23 —
MRI #2 23.58 19.14 —
X-ray 1.25 1.08 1.35
Fluoroscopy #1 12.13 9.18 7.31
Fluoroscopy #2 5.01 443 5.90
CT-64 slice 7.06 6.57 19.18
PET/CT 12.60 9.80 —
Nuclear camera 1.11 1.06 —
Linear accelerator 32.59 19.87 9.16
Ultrasound (portable) 0.86 0.50 —
Cyberknife 13.40 10.38 —

Physical Therapy Department. The cooling load of the electro-
therapy section is affected by the shortwave diathermy, infrared, and
ultraviolet equipment used in this area.

Hydrotherapy Section. This section, with its various water treat-
ment baths, is generally maintained at temperatures up to 26.5°C.
The potential latent heat load in this area should not be overlooked.
The exercise section requires no special treatment; temperatures and
humidities should be within the comfort zone. Air may be recircu-
lated within the areas, and an odor control system is suggested.

Occupational Therapy Department. In this department, spaces
for activities such as weaving, braiding, artwork, and sewing require
no special ventilation treatment. Air recirculation in these areas
using medium-grade filters in the system is permissible. Larger hos-
pitals and those specializing in rehabilitation may offer patients a
greater diversity of skills to learn and craft activities, including car-
pentry, metalwork, plastics, photography, ceramics, and painting.
The air-conditioning and ventilation requirements of the various
sections should conform to normal practice for such areas and to the
codes relating to them. Temperatures and humidities should be
maintained within comfort levels.

Inhalation Therapy Department. This department treats pul-
monary and other respiratory disorders. The air must be very clean,
and the area should have a positive pressure relative to adjacent
areas, except when the patient may also be airborne infectious or
when the treatment regimen uses hazardous drug therapies. Local
exhaust ventilation controls (e.g., administration booth, enclosing
hood or tent) should be provided to control exposure of staff to haz-
ardous drug therapies.

Equipment Calculated Idle, kW High, kW
Dialysis machine 0.40 0.69
Film processor 0.40 0.42
Pharmacy freezer 0.73 0.82
Pharmacy refrigerator 0.48 0.59

Workrooms. Clean workrooms serve as storage and distribution
centers for clean supplies and should be maintained at a positive
pressure relative to the corridor. Soiled workrooms serve primarily as
collection points for soiled utensils and materials. They are consid-
ered contaminated rooms and should have a negative air pressure rel-
ative to adjoining areas. Temperatures and humidities should be in
the comfort range and account for protective clothing requirements
required for the room occupants.

Decontamination, High-Level Disinfection,
Sterilization and Supply

Used and contaminated utensils, instruments, and equipment are
brought to this unit for decontamination and high level disinfection
or sterilization before reuse. The central sterile processing unit usu-
ally consists of a decontamination area, a sterile prep area, a steriliz-
ing area, and a sterile storage area where supplies are kept until
requisitioned. The decontamination area must be physically sepa-
rated from the sterile prep and sterilization areas. A dedicated endo-
scope reprocessing area may support the inpatient endoscopy suite.
Although AAMI allows for decontamination and high level disinfec-
tion to be located in the same space, a clear line of demarcation
between soiled cleaning activities and the clean manual or automated
disinfection activities. Air should flow from the clean disinfection
area toward the contaminated cleaning area (ANSI/AAMI Standard
58:2013). Air pressure relationships should conform to those indi-
cated in ASHRAE Standard 170. Temperature and humidity should
be within the comfort range. Pay special attention to equipment used
in these areas (gaps in disinfection/cleaning equipment and piping
penetrations between decontamination and clean rooms) to maintain
pressurization requirements.

The following guidelines are important in the central sterilizing
and supply unit:

« Insulate sterilizers to reduce heat load.

« Amply ventilate sterilizer equipment closets to remove excess
heat.

* Where ethylene oxide (ETO) gas sterilizers are used, provide a
separate exhaust system with terminal fan (Samuals and Eastin
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1980). Provide adequate exhaust capture velocity in the vicinity
of sources of ETO leakage. Install an exhaust at sterilizer doors
and over the sterilizer drain, and exhaust flammable storage cab-
inets and sterilant cylinder supply cabinets. Exhaust aerator and
service rooms. Sterilizers should be equipped with automatic aer-
ation functionality. Audible and visual ETO alarm sensors and
exhaust flow sensors should also be provided and monitored.
ETO sterilizers should be located in dedicated unoccupied rooms
that have a highly negative pressure relative to adjacent spaces
and 10 ach. Many jurisdictions require that ETO exhaust systems
have equipment to remove ETO from exhaust air (see OSHA
Standard 29 CFR 1910.1047).

* Similar provisions for monitoring and alarms should be consid-
ered for hydrogen peroxide sterilizers.

* Maintain storage areas for sterile supplies at a relative humidity of
no more than 50%.

Service

Service areas include dietary, housekeeping, biohazardous waste
storage, mechanical, and employee facilities. Whether these areas
are conditioned or not, adequate ventilation is important to provide
sanitation and a wholesome environment. Ventilation of these areas
cannot be limited to exhaust systems only; provision for supply air
must be incorporated into the design. Such air must be filtered and
delivered at controlled temperatures. The best designed exhaust sys-
tem may prove ineffective without an adequate air supply. Ex-
perience shows that relying on open windows results only in
dissatisfaction, particularly during the heating season. Air-to-air heat
exchangers in the general ventilation system offer possibilities for
sustainable operation in these areas.

Dietary Facilities. These areas usually include the main kitchen,
bakery, dietitian’s office, dishwashing room, and dining space.
Because of the various conditions encountered (i.e., high heat and
moisture production, cooking odors), special attention in design is
needed to provide an acceptable environment. See Chapter 34 for
information on kitchen facilities.

The dietitian’s office is often located within the main kitchen or
immediately adjacent to it. It is usually completely enclosed for pri-
vacy and noise reduction. Air conditioning is recommended for
maintaining normal comfort conditions.

The dishwashing room should be enclosed and minimally venti-
lated to equal the dishwasher hood exhaust. It is not uncommon for
the dishwashing area to be divided into a soiled area and a clean
area. In such cases, the soiled area should be kept at a negative pres-
sure relative to the clean area.

Ventilation of the dining space should conform to local codes.
The reuse of dining space air for ventilation and cooling of food
preparation areas in the hospital is suggested, provided the reused
air is passed through filters with a filtration efficiency of MERV 13
or better. Where cafeteria service is provided, serving areas and
steam tables are usually hooded. The air-handling capacities of
these hoods should be sized to accommodate exhaust flow rates (see
Table 6 in Chapter 34). Ventilation systems for food preparation and
adjacent areas should include an interface with hood exhaust con-
trols to assist in maintaining pressure relationships.

Kitchen Compressor/Condenser Spaces. Ventilation of these
spaces should conform to all codes, with the following additional
considerations: (1) 165 L/s of ventilating air per compressor kilowatt
should be used for units located in the kitchen; (2) condensing units
should operate optimally at 32°C maximum ambient temperature;
and (3) where air temperature or air circulation is marginal, specify
combination air- and water-cooled condensing units. It is often
worthwhile to use condenser water coolers or remote condensers.
Consider using heat recovery from water-cooled condensers.

Laundry and Linen Facilities. Of these facilities, only the
soiled linen storage room, soiled linen sorting room, soiled utility
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room, and laundry processing area require special attention. The
room for storing soiled linen before pickup by commercial laundry
is odorous and contaminated, and should be well ventilated, ex-
hausted, and maintained at a negative air pressure. The soiled utility
room is provided for inpatient services and is normally contaminat-
ed with noxious odors. This room should be mechanically exhaust-
ed directly outdoors.

In the laundry processing area, equipment such as washers, flat-
work ironers, and tumblers should have direct overhead exhaust to
reduce humidity. Such equipment should be insulated or shielded
whenever possible to reduce the high radiant heat effects. A canopy
over the flatwork ironer and exhaust air outlets near other heat-pro-
ducing equipment capture and remove heat best. Air supply inlets
should be located to move air through the processing area toward the
heat-producing equipment. The exhaust system from flatwork iron-
ers and tumblers should be independent of the general exhaust sys-
tem and equipped with lint filters. Air should exhaust above the roof
or where it will not be obnoxious to occupants of other areas. Heat
reclamation from the laundry exhaust air may be desirable and prac-
ticable.

Where air conditioning is contemplated, a separate supplemen-
tary air supply, similar to that recommended for kitchen hoods, may
be located near the exhaust canopy over the ironer. Alternatively,
consider spot cooling for personnel confined to specific areas.

Mechanical Facilities. The air supply to boiler rooms should
provide both comfortable working conditions and the air quantities
required for maximum combustion of the particular fuel used.
Boiler and burner ratings establish maximum combustion rates, so
the air quantities can be computed according to the type of fuel. Suf-
ficient air must be supplied to the boiler room to supply the exhaust
fans as well as the boilers.

At workstations, the ventilation system should limit tempera-
tures t032°C effective temperature. When ambient outdoor air
temperature is higher, indoor temperature may be that of the out-
door air up to a maximum of36°C to protect motors from excessive
heat.

Maintenance Shops. Carpentry, machine, electrical, and plumb-
ing shops present no unusual ventilation requirements. Proper ven-
tilation of paint shops and paint storage areas is important because
of fire hazard and should conform to all applicable codes. Mainte-
nance shops where welding occurs should have exhaust ventilation.

3. OUTPATIENT HEALTH CARE
FACILITIES

An outpatient health care facility may be a free-standing unit,
part of an acute care facility, or part of a medical facility such as a
medical office building (clinic). Any outpatient surgery is per-
formed without anticipation of overnight stay by patients (i.e., the
facility operates 8 to 10 h per day).

If physically connected to a hospital and served by the hospital’s
HVAC systems, spaces within the outpatient health care facility
should conform to requirements in the section on Hospital Facili-
ties. Outpatient health care facilities that are totally detached and
have their own HVAC systems may be categorized as diagnostic
clinics, treatment clinics, or both. Many types of outpatient health
care facilities have been built with many combinations of different
programmed uses occurring in a single building structure. Some of
the more common types include primary care facilities, freestanding
emergency facilities, freestanding outpatient diagnostic and treat-
ment facilities, freestanding urgent care facilities, freestanding can-
cer treatment facilities, outpatient surgical facilities, gastrointestinal
endoscopy facilities, renal dialysis centers, outpatient psychiatric
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centers, outpatient rehabilitation facilities, freestanding birth cen-
ters, and dental centers.

When specific treatments in these outpatient facilities are medi-
cally consistent with hospital-based treatments, then environmental
design guidance for hospitals should also apply to the outpatient
treatment location. Information under the Hospital Facilities part of
this chapter may also be applicable to outpatient occupancies per-
forming a similar activity. Outpatient and clinic facilities should
generally be designed according to criteria shown in ASHRAE
Standard 170, unless those criteria conflict with local or state require-
ments.

3.1 DIAGNOSTIC AND TREATMENT CLINICS

A diagnostic clinic is a facility where ambulatory patients are
regularly seen for diagnostic services or minor treatment, but where
major treatment requiring general anesthesia or surgery is not per-
formed. Diagnostic clinics may use specialized medical imaging
equipment, which may be portable cart-mounted items or large per-
manently mounted pieces with adjoining control rooms and equip-
ment rooms. The equipment may require a minimum relative
humidity for proper operation. Heat gains from equipment can be
large; see Table 5 and the equipment manufacturer’s recommenda-
tions.

A treatment clinic is a facility where major or minor procedures
are performed on an outpatient basis. These procedures may render
patients temporarily incapable of taking action for self-preservation
under emergency conditions without assistance from others (NFPA
Code 101).

Design Criteria
See the following subsections under Hospital Facilities:

« Infection Sources

* Control Measures

* Air Quality

« Air Movement

» Temperature and Humidity
* Smoke Control

An outpatient recovery area may not need to be considered a sen-
sitive area, depending on the patients’ treatments. Infection control
concerns are the same as in an acute care hospital. Minimum venti-
lation rates, desired pressure relationships and relative humidity,
and design temperature ranges are similar to the requirements for
hospitals in ASHRAE Standard 170.

The following departments in an outpatient treatment clinic have
design criteria similar to those in hospitals:

* Surgical: operating, recovery, and anesthesia storage rooms

* Ancillary

« Diagnostic and treatment

* Decontamination, high-level disinfection, sterilization, and sup-
ply

¢ Service: soiled workrooms, mechanical facilities, and locker
rooms

3.2 DENTAL CARE FACILITIES

Institutional dental facilities include reception and waiting areas,
treatment rooms (called operatories), and workrooms where sup-
plies are stored and instruments are cleaned and sterilized; they may
include laboratories where restorations are fabricated or repaired.

Many common dental procedures generate aerosols, dusts, and
particulates (Ninomura and Byrns 1998). The aerosols/dusts may
contain microorganisms (both pathogenic and benign), metals (e.g.,
mercury fumes), and other substances (e.g., silicone dusts, latex
allergens). Some measurements indicate that levels of bioaerosols
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during and immediately following a procedure can be extremely
high (Earnest and Loesche 1991). Lab procedures have been shown
to generate dusts and aerosols containing metals. At this time, only
limited information and research are available on the level, nature,
or persistence of bioaerosol and particulate contamination in dental
facilities. Consider using local exhaust ventilation (possibly recir-
culating with HEPA filtration) to help capture and control these
aerosols, because dental care providers and patients are often close
together.

Nitrous oxide is used as an analgesic/anesthetic gas in many
facilities. The design for controlling nitrous oxide should consider
that nitrous oxide (1) is heavier than air and may accumulate near
the floor if air mixing is inefficient, and (2) should be exhausted
directly outdoors. Use active waste gas scavenging to prevent accu-
mulation of waste gases during dental procedures; passive scaveng-
ing through an open window or a vent in the wall should not be used.

3.3 CONTINUITY OF SERVICE AND
ENERGY CONCEPTS

Some owners may desire standby or emergency service capabil-
ity for the heating, air-conditioning, and service hot-water systems
and that these systems be able to function after a natural disaster.

To reduce utility costs, use energy-conserving measures such as
recovery devices, variable air volume, load shedding, or devices to
shut down or reduce ventilation of certain areas when unoccupied.
Mechanical ventilation should take advantage of outdoor air by
using an economizer cycle (when appropriate) to reduce heating and
cooling loads.

The section on Facility Design and Operation includes informa-
tion on zoning and insulation that applies to outpatient facilities as
well.

4. RESIDENTIAL HEALTH, CARE,
AND SUPPORT FACILITIES

FGI’s (2014b) Guidelines for Design and Construction of Resi-
dential Health, Care, and Support Facilities discusses requirements
for nursing homes, hospice facilities, assisted living facilities, inde-
pendent living settings, adult day care facilities, wellness centers,
and outpatient rehabilitation centers. HVAC design requirements
for these spaces, and consequently applicability of ASHRAE stan-
dards to their design, can vary greatly. ASHRAE Standard 170
addresses assisted living, hospice, and nursing facilities. ASHRAE
Standard 62.1 or 62.2 may be applicable to other types of commer-
cial space design, if they are nontransient and residential in nature.

Nursing Facilities
Nursing facilities may be classified as follows:

Extended care facilities are for recuperation by hospital patients
who no longer require hospital facilities but do require the thera-
peutic and rehabilitative services of skilled nurses. This type of
facility is either a direct hospital adjunct or a separate facility with
close ties with the hospital. Clientele may be of any age, usually
stay from 35 to 40 days, and usually have only one diagnostic prob-
lem.

Skilled nursing homes care for people who require assistance in
daily activities; many of them are incontinent and nonambulatory,
and some are disoriented. Residents may come directly from their
homes or from residential care homes, are generally elderly (with an
average age of 80), stay an average of 47 months, and frequently
have multiple diagnostic problems.

Residential care homes are generally for elderly people who are
unable to cope with regular housekeeping chores but have no acute
ailments and are able to care for all their personal needs, lead normal
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lives, and move freely in and out of the home and the community.
These homes may or may not offer skilled nursing care. The average
length of stay is four years or more.

Functionally, these buildings have five types of areas that are of
concern to the HVAC designer: (1) administrative and support areas
inhabited by staff, (2) patient areas that provide direct normal daily
services, (3) treatment areas that provide special medical services,
(4) clean workrooms for storing and distributing clean supplies, and
(5) soiled workrooms for collecting soiled and contaminated sup-
plies and for sanitizing nonlaundry items.

4.1 DESIGN CONCEPTS AND CRITERIA

Nursing homes occupants are usually frail, and many are incon-
tinent. Though some occupants are ambulatory, others are bedrid-
den, suffering from advanced illnesses. The selected HVAC and air
distribution system must dilute and control odors and should not
cause drafts. Local climatic conditions, costs, and designer judg-
ment determine the extent and degree of air conditioning and
humidification. Odor may be controlled with large volumes of
outdoor air and heat recovery. To conserve energy, odor may be
controlled with activated carbon or potassium permanganate-
impregnated activated alumina filters instead.

Temperature control should be on an individual room basis. In
geographical areas with severe climates, patient rooms may have
supplementary heat along exposed walls. In moderate climates (i.c.,
where outdoor winter design conditions are—1°C or above), over-
head heating may be used.

Controlling airborne pathogen levels in nursing homes is not as
critical as it is in acute care hospitals. Nevertheless, the designer
should be aware of the necessity for odor control, filtration, and air-
flow control between certain areas.

ASHRAE Standard 170 lists recommended filter efficiencies for
air systems serving specific nursing home areas, as well as recom-
mended minimum ventilation rates and desired pressure relation-
ships. Recommended interior winter design temperature is24°C for
areas occupied by patients and21°C for nonpatient areas. Provisions
for maintenance of minimum humidity levels in winter depend on
the severity of the climate and are best left to the designer’s judg-
ment. Where air conditioning is provided, the recommended inte-
rior summer design temperature and humidity is 24°C, and a
maximum of 60% rh.

The general design criteria in the hospital sections on Heating
and Hot Water Standby Service, Insulation, and Sustainability apply
to nursing home facilities as well.

STANDARDS
AENOR/UNE
Standard 100713:2005 Air Conditioning in Hospitals
ANSI/AAMI

Standard 58:2013 Chemical Sterilization and High-level Disinfection

in Health Care Facilities

ANSI/AIHA
Standard 79.5-2012  Laboratory Ventilation
ANSI/ASHRAE
Standard 15-2013 Safety Code for Mechanical Refrigeration
52.2-2012 Method of Testing General Ventilation Air-
Cleaning Devices for Removal Efficiency by
Particle Size
62.1-2013 Ventilation for Acceptable Indoor Air Quality
ANSI/ASHRAE/IES

Standard 90.1-2013 Energy Standard for Buildings Except Low-Rise

Residential Buildings
ANSI/ASHRAE/ASHE
Standard 170-2017 Ventilation of Health Care Facilities
ANSI/ASHRAE/ACCA
Standard 180-2012 Standard Practice for Inspection and Maintenance
of Commercial Building HVAC Systems

2019 ASHRAE Handbook—HVAC Applications (SI)

ASHRAE
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Performance of Gas-Phase Air-cleaning
Systems: Air-cleaning Devices
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Interactions Affecting the Achievement of
Acceptable Indoor Environments

188-2018
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Guideline 10-2011
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29-2009 Guideline for the Risk Management of Public
Health and Safety in Buildings
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Standard E84-2014 Standard Test Method for Surface Burning

Characteristics of Building Materials

ANSI/NFPA
Standard 45-2011 Standard on Fire Protection for Laboratories Using

Chemicals
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and Ventilation Systems

92A-2009 Recommended Practice for Smoke-Control
Systems
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255-2006 Standard Method of Test of Surface Burning
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Code 101-2012 Life Safety Code®
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ANSI/UL
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CAN/CSA

Standard 7317.2-15 Special Requirements for Heating, Ventilation, and
Air-Conditioning (HVAC) Systems in Health
Care Facilities
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JUSTICE FACILITIES
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ECHNICAL and environmental factors and considerations for

HVAC systems that serve justice facilities are presented in this
chapter. Most of the information provided is specific to facilities in
the United States; regulations in other parts of the world differ sig-
nificantly, and the authorities governing these facilities should be
consulted directly. Refer to the 2016 ASHRAE Handbook—HVAC
Systems and Equipment for further information on HVAC systems
and equipment mentioned herein, and to other chapters of this vol-
ume for various space applications and design considerations.

1. TERMINOLOGY
The following terms are used throughout this chapter:

Justice Facility. Any building designated for purposes of deten-
tion, law enforcement, or rendering a legal judgment.

Cell. A room for confining one or more persons; it may contain a
bed for each occupant and a toilet and wash basin.

Holding Cell. A room designed to confine a person for a short
period of time; it may or may not contain a bed.

Small Jail. A facility consisting of up to 100 rooms and ancillary
areas, designed for confining people.

Large Jail. A facility consisting of more than 100 rooms and
ancillary areas, designed for confining people.

Prison. A facility consisting of one or several buildings and ancil-
lary areas surrounded by high walls and/or fences, designed to con-
fine a minimum of 500 people.

Minimum Security. A facility or area within a jail or prison that
allows confined people to mix together with little supervision for
periods of time during the day.

Medium Security. A facility or area within a jail or prison that
allows confined people to mix together with some or total supervi-
sion for periods of time during the day.

Maximum Security. A facility or an area within a jail or prison
that confines people to their cells with total supervision.

Work Release. A program that allows minimum-security occu-
pants freedom during the day to work outside the facility, but
requires them to return for the night.

Courthouse. A facility consisting of courtrooms, judges’ cham-
bers/offices, jury rooms, jury assembly rooms, attorney interview
rooms, libraries, holding cells, and other support areas.

Police Stations. Facilities housing the various functions of local
police departments. These may contain holding cells, evidence stor-
age rooms, weapons storage, locker rooms, offices, conference
rooms, interview rooms, and parking garages.

Juvenile Facilities. Also known as family court facilities, these
facilities are for young offenders. Usually kept separate from adult
facilities, they house their own court or hearing rooms, judges’
chambers, offices for social workers and parole officers, conference

The preparation of this chapter is assigned to TC 9.4, Justice Facilities.
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rooms, waiting areas, classrooms, sleeping rooms, intake areas,
libraries, exercise rooms/areas, kitchens, dining areas, and laundry.

Inmate. A person confined to a cell, jail, prison, or juvenile
facility.

Correctional Officer. A trained law officer who supervises
inmates.

Correctional Officer Facilities. Areas designated for use only
by correctional officers, including control rooms, break rooms,
locker rooms, and storage rooms.

Inmate Areas. Areas that inmates have access to, with or without
supervision, including cells, day rooms, exercise areas, outside
areas, and certain ancillary areas.

Day Rooms. A room where confined people can congregate for
periods of time outside of their cells during the day under supervi-
sion. The room usually contains chairs, tables, TVs, and reading and
game materials.

Exercise Areas. Gymnasiums or rooms used for exercise by staff
members, and areas designated for use by inmates where they can
mix and exercise for short time periods during the day. This inmate
area is usually outdoors or has at least one wall or the roof exposed
to the outdoors.

Ancillary Areas. Support areas, including offices, kitchens,
laundry, mechanical rooms/plants, electrical rooms/plants, libraries,
classrooms, and rooms for exercise, health care, visitation, inter-
views, records, evidence, storage, fingerprinting, lineups, inmate
intake, etc.

Control Room. A room that allows viewing or monitoring of var-
ious areas of the facility by correctional officers and/or houses elec-
tronic or pneumatic controls for door locks, lights, and other functions.

Sally Port. A room or space that encloses occupants or vehicles
and allows only one door at a time to open.

Forensic Lab. Laboratory where human remains and physical
evidence are examined and tested to determine whether a crime has
been committed, and to identify bodies and people.

2. GENERAL SYSTEM REQUIREMENTS

Outdoor Air. All areas require outdoor air for ventilation to pro-
vide good air quality and makeup air for exhaust systems, and to
control pressures within facilities. Minimum outdoor air require-
ments for various areas in justice (correctional) facilities can be
found in ASHRAE Standard 62.1.

Equipment Locations. Access to mechanical equipment and
controls must be kept secure from inmates at all times, and equip-
ment rooms should be located where inmates do not have access to
them. Where inmates do have access, security ceilings with lockable
access panels must be used for mechanical equipment, and compo-
nents should be located in ceiling plenums. Equipment serving areas
not accessible to inmates can be located as in other facilities, unless
the owner has other specific requirements. Equipment near noise-
sensitive areas (e.g., courtrooms, jury rooms, attorney interview
rooms) should be isolated with vibration isolators and have sound


http://www.ashrae.org/advertising/handbook-advertising/applications/justice-facilities

10.2

Fig. 1 Typical Security Barrier

Fig.2 Typical Air Grille

attenuation devices on supply, return, and exhaust ducts;
penetrations for ducts and pipes to those areas and out of mechanical
areas should be sealed for sound as well as fire protection.

Security Barriers. Where ducts or openings pass into or out of
secure areas, and at exterior intakes and exhausts, security barrier
bars are usually installed in ducts or openings that are at least 100
mm high and 150 mm wide. Barrier bars (Figure 1) are usually solid
steel bars or heavy-gage tubes mounted in a heavy-gage steel frame
to match the duct or opening size. Space between bars or tubing must
not exceed 125 mm. They must be installed as an assembly in a struc-
tural wall compartment whenever possible, much like a fire damper.
Barrier locations should be coordinated with the facility’s owner.
Include the bars in static pressure calculations for airflow systems.

Air Devices. Grilles and registers are usually security-type de-
vices constructed of heavy-gage steel and welded or built in place in
the walls or ceilings of secure areas accessible to inmates, and are de-
signed to reduce entry of obstacles into the grilles (Figure 2). Loca-
tions of these devices in secure areas should be coordinated with the
facility’s owner. Air devices serving areas not accessible to inmates
may be standard grilles, registers, and diffusers. Standard diffusers
may also be installed in secure areas with ceilings over 4.5 m above
the floor.

Outdoor Air Intakes and Exhausts. Louvers and grilles asso-
ciated with intake and exhaust air should be located at or above the
roof level, and/or (1) where inmates do not have access to them and
(2) where substances cannot be discharged into them to harm or dis-
rupt services and personnel in the facility. Barrier bars are usually
installed at these devices.

Filtration and Ultraviolet (UV) Lights. Most areas in justice
facilities use pleated throwaway filters with a minimum efficiency
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reporting value (MERV; see ASHRAE Standard 52.2) of at least 8.
Higher-efficiency filters, such as HEPA or MERV 14 filters, may be
required for clinic areas and isolation cells, and UV lights may also
be installed to reduce bacteria and the spread of disease. Grease fil-
ters must be installed in kitchen exhaust hoods over cooking sur-
faces. In lieu of bringing large amounts of outdoor air into the
facility, normal outdoor air quantities may be used by installing gas-
phase or carbon filters in recirculated air streams. Discuss filter
applications with the owner and authorities having jurisdiction
(AHJ). For more information on filters, see Chapter 29 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment.

Energy Considerations

Some areas of justice facilities (e.g., cells, day rooms) are occu-
pied 24 h/day year-round and require a large amount of outdoor air
that is subsequently exhausted. Methods to recover exhausted tem-
pered air and reduce the energy needed to cool and heat the outdoor
intake air include the following:

» Total energy recovery wheels for sensible and latent heat recovery
or heat exchangers may be used in air-handling systems with high
ventilation loads, or as required by ASHRAE Standard 90.1.
Runaround heat recovery coil loops may be used when exhaust
and supply airstreams are separated.

» Thermal storage is available for heating and cooling.

Variable-speed drives may be used on cooling towers, fans,

pumps, supply and exhaust fans, and chillers.

* Variable-air-volume systems may be used in office spaces and

other areas not requiring constant airflow.

Supply temperature reset based on outdoor air temperatures may

be used on heating and cooling systems.

* Air- or water-side economizer cycles may be used per ASHRAE
Standard 90.1 and current codes.

» Heat captured from boiler stacks can preheat combustion air or

makeup water.

Free-cooling heat exchangers provide cooling water by using

cooling towers in lieu of the chiller when outdoor air conditions

allow.

* Where reheat is required, water rejected from mechanical cooling
or recaptured heat sources (e.g., from laundries) may offer eco-
nomical paybacks.

* Smaller local systems may be installed to serve areas that are

occupied at all times or operate seasonally, so that larger equip-

ment may be shut off at certain times. Modular systems allow var-
ious modules to be staged on and off as needed to serve the same
purpose.

Night and holiday setback temperatures at least 3 K above or

below the normal occupied settings, with morning warm-up or

cooldown, should be used wherever possible for areas that are not
always occupied or have varying occupancies.

» Evaporative cooling systems may be used in arid climates to
replace water chillers and/or cooling towers. They may also be
used in other regions to provide makeup air for some facilities,
such as kitchens and laundries.

» Heat pumps may be used wherever possible. See Chapter 9 in the

2016 ASHRAE Handbook—HVAC Systems and Equipment for a

discussion of these systems.

Combined heat and power (CHP) systems may be used in larger

facilities. See Chapter 7 in the 2016 ASHRAE Handbook—HVAC

Systems and Equipment for a discussion of these systems.

* Laundry water recycling to reduce water consumption by 50%

and save energy by reusing laundry hot water.

Geothermal loop for remote buildings on prison campus.

» Heat recovery chillers able to capture heat from chiller for
reheating or boiler water preheating.
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* Anintelligent hood exhaust control system for kitchen makeup air
units and exhaust fans.

Whatever form of energy recovery is used, all systems should be
examined for the rates of return on the cost of implementing and
operating the systems.

Heating and Cooling Plants and Mechanical Rooms

Most larger justice facilities have central heating and cooling
plants, with mechanical rooms located throughout the facility.
Smaller facilities generally use local systems, with mechanical
rooms located throughout the facility or with a combination of
rooftop units or split systems. For larger facilities, central plants with
water chillers, cooling towers, and fuel- or dual-fuel-fired steam or
hot-water boilers are normally used to serve air-handling units,
fan-coil units, reheat coils, and other equipment in mechanical rooms
throughout the complex. Primary/secondary or primary variable-
speed hydronic pumping systems should also be considered.

The heating and cooling requirements are for continuous opera-
tion while there are occupants. Essential equipment should be
backed up with standby units for use during maintenance or equip-
ment failure. In addition, major components may need to be braced
for seismic and/or wind restraint to ensure continuous service. For
seismic design, HVAC systems and components need to be braced
in accordance with local codes and the AHJ; see Chapter 56 and the
ASHRAE Practical Guide for Seismic Restraint for details. Zoning
of various areas for occupancy times and seasonal changes should
be factored into system arrangements and types.

It is preferable for plants and mechanical rooms to be accessed
from the outdoors and located in areas not accessible to inmates,
unless supervised maintenance and/or operation is performed by
inmates. Central utility plants (CUPs) serving very large facilities
may be located away from the complex (outside the secure fences or
walls). Some of these plants use underground distribution tunnels
from the plant to the various buildings in lieu of direct burial of the
piping. Access to these tunnels must be kept secure from inmates.
Vertical duct and pipe chases in facilities are usually located adjacent
to cell areas, incorporated in plumbing chases, and stacked to con-
nect to the heating, cooling, and ventilating or exhaust equipment.
Service to these chases must be from outside the cell areas.

Consider maintenance personnel’s abilities and training in
selecting the types of systems and equipment to be used in the
design. Consult the owner and/or maintenance personnel to deter-
mine the best combination of components, systems, and location of
the plants and mechanical rooms for the facility.

Mechanical equipment in central plants and mechanical rooms
must have the proper vibration isolation, flexible pipe and duct
connections, and duct-mounted sound attenuators (where needed)
to prevent transmission of vibration and noise to sensitive spaces,
such as inmate housing day rooms, where it is essential to meet
American Correctional Association (ACA) acoustical require-
ments. Mechanical rooms may have to be sound treated with acous-
tical materials to prevent transmission of room noise to adjacent
spaces. Equipment (e.g., fan types) may also have to be modified to
reduce noise transmission. See Chapter 49 for vibration and noise
applications.

Controls

Controls serving HVAC systems for small facilities can be local
and consist of electric, electronic, pneumatic, or a combination of
all of these, and may need to be located in lockable control boxes.
Controls for larger facilities are usually direct digital control (DDC)
or a combination of electronic/electric and pneumatic, and are
connected to a central, computerized system or building automation
system (BAS) so that operators can remotely manage and monitor
systems more efficiently. Thermostats and other sensors in or near
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inmate areas should be inaccessible to inmates (e.g., located in
return or exhaust ducts) and/or located with secure covers. Control
panels are usually located in the locked mechanical rooms or should
be located within secure areas. Conceal and secure all
interconnecting wiring and pneumatic tubing from inmates.

Fire/Smoke Management

All confined occupants of justice facilities need to be kept safe
from fire and smoke. Consider smoke purge in holding areas, day-
rooms, cells, and any other areas of confinement. Outdoor recre-
ation and other areas that are open to the outdoors are not considered
for smoke purge. Early detection of fires should be accounted for in
all facilities. Discuss installation of fire and smoke detectors with
the owner: detectors must be installed in secure areas or in the air-
conditioning units or ducts, and inaccessible to inmates. Quite
often, smoke detection occurs in the ductwork, behind secure air
devices. Typically, the fire alarm system notifies the building man-
agement system (BMS), which initiates the proper sequence of
operation for smoke removal. In addition to automatic operation of
the smoke purge system, most codes require a smoke management
panel that provides ultimate override control by the fire department.
Coordinate with the jail commission (if applicable) or the authori-
ties having jurisdiction on whether this panel is required and where
it should be located.

Smoke purge systems should be designed in accordance with all
applicable standards, preferably federal design guidelines or a state
jail standard. If there is no adopted state jail standard or jail com-
mission to consult, good practice is considered to be 10 air changes
per hour (ach) for the area where smoke has been detected. Some
state jail standards require as many as 15 ach; it is important to
research standards applicable to the project and jurisdiction care-
fully. In smoke purge applications, use high-temperature fans that
are intended for smoke removal.

Smoke purge systems should also be considered to facilitate
evacuation of inmates to safe areas during an emergency, especially
if the facility has no other means to evacuate the inmates to secure
areas outside the buildings. The owner should be aware of the costs
and complexity of smoke management before implementation. See
Chapter 54 for information on fire and smoke management.

Tear Gas and Pepper Spray Storage and Exhaust

Tear gas and pepper spray are used to control people during riots
and other uprisings by discharging an incapacitating gas that causes
tear ducts to generate tears, blinding those exposed. (For details on
how these agents work, see the section on Irritants in Chapter 61.)
Tear gas is usually in grenade form or in canisters fired from shot-
guns (with the canisters exploding on impact). Pepper spray can be
contained in the same forms as tear gas, or in spray containers for
use in close quarters. Once discharged, the gas must be evacuated
from any enclosed space. Unlike smoke, both tear gas and pepper
spray are heavier than air. The smoke purge system is often used to
help evacuate the chemical agent from the space. Another alterna-
tive is to use separate, portable exhaust systems to direct the air out-
doors (e.g., to an outdoor recreation space). The designer must
consider the space geometry, openings to the outdoors, the staff
emergency action plan, and any other relevant details. It is also com-
mon to tie the chemical agent purge into the electronic security con-
trol panel or touch screen in direct supervision facilities. The
sequence of operations in a gas/spray event differ from smoke purg-
ing: in the former, the HVAC systems are temporarily shut down and
isolated with dampers while the agent is dispersed and the inmates
are brought under control; then the agent is exhausted out. Without
this delay, the gas/spray could be exhausted before it can work
effectively. An automated purge through the smoke purge fans is
usually preferred because it does not require other equipment to be
brought in from outside the perimeter, has fewer disruptions to the
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pod where the incident occurred, and requires little or no staff to
implement. The system should also have a manual on/off switch in
the mechanical room to ensure that the gases are exhausted after the
event. No internal duct lining should be used in these types of
exhaust systems.

Storage of tear gas and pepper spray containers must follow
HAZMAT requirements: the chemicals must be stored for rotation
from date of purchase and removed after about three years. Shelving
should be ventilated and away from walls. All persons dealing with
the chemicals should have immediate access to protective masks.
The storage room should be secured and located away from occu-
pied buildings, and exhaust a minimum of 12 ach from the floor. The
room should be kept at negative pressure, and at about 21°C and
50% rh year-round. Supply air should be from the ceiling near the
center of the room.

Health Issues

Large prison health facilities, health care areas in large facilities,
and some cells or rooms used for isolation in small facilities should
be designed for negative pressurization to provide isolation from
other spaces for inmates with communicable diseases such as tuber-
culosis (TB). These spaces should have separate, dedicated exhaust
systems, alarms, and controls. Application and component require-
ments should be discussed with the owner. See Chapter 9 for discus-
sions of health care systems and applications.

3. JAILS, PRISONS, AND FAMILY COURTS

Jails may be a stand-alone structure or part of a larger facility
that confines inmates. Some are totally self supported and have their
own kitchen, laundry, intake room, fingerprinting, storage for per-
sonal belongings, sally ports, parking garage, central plants, and
other support areas. Security may be anything from minimum to
maximum, and may include a work release area, as well. Jails may
be located within the city limits or outside of the city.

Prisons are large facilities that confine inmates for longer
periods of time than jails, and may have all levels of security and
fences or walls with guard towers. Prisons are usually totally self
supported and have every facility required to serve their needs in
one large or several small buildings, including laundries, kitchens,
dining halls, library, gyms, auditoriums, cell blocks, health clinics,
offices, interview rooms, visiting areas, storage rooms for personal
belongings, sally ports, intake and release areas, isolation cells or
areas, central heating and cooling plants, and correctional officer
facilities. Prisons are generally located outside of cities and towns.

Family courts or juvenile detention centers are similar to jails
but house young offenders up to the age of 18. These facilities
include courtrooms, judges’ chambers and offices, interview rooms,
exercise areas, lockable sleeping areas, classrooms, offices for
social workers, kitchens, laundries, and other support facilities.
Generally, offices, courtrooms, judges’ chambers, interview rooms,
exercise areas, classrooms, kitchens, and laundry are unoccupied
after working hours, so the mechanical systems for these facilities
must be able to respond to various occupied hours of operation.

HVAC Design Criteria

 Use outdoor summer temperature conditions equal to ASHRAE
1% design dry bulb and mean coincident wet bulb. For outdoor
winter temperature conditions, use ASHRAE 99% design dry
bulb.

* Indoor air should be at 23 to 25°C and maximum 50% rh for

summer conditions and occupancy, and 22°C + 2 K and 20 to 35%

rh for winter, unless otherwise noted.

For noise levels in cells or sleeping rooms, use a maximum of

70 dBA (day) and 45 dBA (night), with minimum constant-

volume airflows and outdoor airflow in accordance with
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ASHRAE Standard 62.1. Maintain negative room pressure and
negative air pressures in accordance with that standard, especially
when the room or cell contains a toilet.

* Room criterion (RC) defines the limits that the octave-band spec-

trum of noise sources must not exceed. For classrooms, use noise

levels between 25 and 30 RC, and airflows in accordance with

ASHRAE Standard 62.1. See Chapter 8 for discussion of educa-

tional facilities.

Interview rooms should have the same noise levels as for class-

rooms, with minimum airflows of 6 ach of supply air with a min-

imum of 0.3 L/(s-m?2) of outdoor air through low-noise diffusers
and grilles.

* When guard stations are separate rooms for observing inmates,
minimum airflow must be in accordance with ASHRAE Standard
62.1. Airflows should be constant volume, and noise levels should
be 35 to 45 RC. This room may be occupied 24 h a day.

* Control rooms should be treated as guard stations. Room loads
include computer equipment and video monitors, where required.
This room is occupied 24 h a day. Provide a back-up direct-
expansion (DX) system to maintain constant required tempera-
ture and humidity.

* Laundries are usually heated in winter when not used, and well
ventilated to remove generated heat but not air conditioned when
in use. All air supplied should be exhausted and the room kept at
a negative pressure during operating hours. Maximum noise
levels are about 45 to 50 RC. Energy conservation measures may
involve evaporative cooling if tempered air is supplied to the
space, and discharged warm laundry water may be recovered for
preheating makeup water. See ASHRAE Standard 62.1 for ven-
tilation and minimum airflow requirements.

« Libraries require close space temperature and humidity control,
with 24°C db year-round and 40% (winter) to 50% (summer)
humidity. Constant-volume airflow meeting ASHRAE Standard
62.1 is required. See Chapter 24 for details on libraries.

System Requirements

HVAC equipment is generally either a triple-deck multizone,
constant-volume, or variable-air-volume (VAV) system. Constant-
volume and triple-deck multizone systems are usually used in day-
rooms, cells or sleeping quarters, and storage areas. VAV systems
may be used in administrative offices, health services, factories,
interview rooms, and visitor areas. Cells and sleeping areas are usu-
ally exhausted to comply with codes and ASHRAE Standard 62.1,
and to help control odors. Intake rooms are also exhausted, with
supply and exhaust air outlets located both high and low to sweep
the room and help control odors. Systems must be able to adjust to
variable loads and occupancy times, and be zoned to meet the
requirements of ASHRAE Standard 62.1. Back-up equipment
should be provided to serve dayrooms, cells, and critical spaces.

Mechanical equipment must be located in perimeter mechanical
rooms outside of areas occupied by inmates, but must be accessible
for maintenance. Cells, sleeping quarters, and dayrooms are usually
provided with maximum-security-type grilles for supply, return, or
exhaust.

Jails, family courts, and prisons located within city limits or near
neighborhoods need to be concerned about noise from mechanical
equipment and inmates transmitted to the outdoors. Louvers for
equipment, indoor exercise rooms, or windows where inmates con-
gregate need noise abatement. Equipment needs to be examined not
only for noise transmitting into the facility but transmitted to the
outdoors. See Chapter 49 for information on noise and vibration
control.

Dining Halls

Dining halls are usually located in large facilities. Space loads
vary, depending on occupancy schedules for food preparation and
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eating. Food-warming station loads also need to be included in the
space loads. Smaller facilities use a central kitchen to prepare the
food, which is then delivered to inmates on trays in warming carts
and may then be reheated in ovens just before serving. If ovens are
used, they must be included in the local space loads. Latent loads for
eating must also be allowed for.

Kitchens

Kitchens are either centrally located with the prepared food then
transferred to the inmates, or they are associated with the dining
halls. Kitchens are full service and include pantry, freezers, coolers,
ovens, stoves, kettles, fryers, grilles, dishwashers, and exhaust
hoods. In many justice facilities, inmates prepare food, so the
kitchen should be designed as a secure area. See Chapter 34 and
ASHRAE Standard 154 for information and requirements on
kitchen ventilation.

Guard Stations

Guard stations are located within the cell and dayroom area,
where guards mingle with inmates, or they are remote and enclosed,
where guards can observe cells and dayrooms through secure glass
windows. Guard stations are staffed while inmates are awake and
not in their cells, and may also be staffed during the night if the
owner requires it.

Control Rooms

Control rooms use cameras to remotely monitor inmates, and
regulate doors into and around inmate and other secure areas. These
rooms are occupied at all times; room loads should include the con-
trol panels and video monitors.

Laundries

Laundries are usually located in their own building or separate
rooms and contain washing machines, dryers, and pressing ma-
chines. The laundries are very warm places and may be tempered
with evaporative cooling and outdoor air economizer cycles with
full room exhaust. Spot cooling is recommended for personnel at
work stations. Warm water discharged from the washing machines
may be reused through laundry water recycling systems to reduce
water and energy. Laundries usually have steam supplied from the
central plant or their own boilers for heating the wash and rinse
water and the pressing machines. Laundry service space should be
designed as a secure area because of inmate movement.

4. COURTHOUSES

This section covers courtrooms in civil, bankruptcy, and criminal
courthouses, as well as support divisions for judges’ chambers,
clerk of court, jury rooms, library, fitness center, marshal areas, jail
cells, and administrative areas. Courtrooms generally do not have a
clear schedule of operation; however, they generally operate be-
tween 9:00 AM until approximately noon. Support staff generally
work between 8:00 AM and 5:00 pM, except in constant-occupancy
spaces such as marshal areas, jail cells, and other administration
areas. Jury areas are generally 9:00 am to 5:00 pm, but may be
occupied much longer, depending on the type of trial.

Courthouses (state, federal, and county) should be designed to
suit operational hours and fluctuating visitors and staff occupancies
for maximum energy conservation and optimum controls. Archi-
tectural features in courtrooms are generally above standard
conventional design, and often include wood and ornate ceilings,
which require both temperature and humidity control.

HVAC Design Criteria

 Use outdoor summer temperature conditions equal to ASHRAE
1% design dry bulb and mean coincident wet bulb. For outdoor
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winter temperature conditions, use ASHRAE 99% design dry
bulb and mean coincident wet bulb.
* Indoor air should be at 23°C and 50% rh for summer conditions
and occupancy, and 22°C and 20 to 35% rh for winter.
If provided, the smoke purge system in the courtroom should be
activated manually as well as automatically.
« All openings carrying piping through the slab or through partitions
must be sealed with appropriate fire/smoke-resistive material. All
air ducts leading to and from sensitive spaces must be acoustically
treated with 50 mm thick, 48 kg/m3 density duct lining for at least
3.5 m from the supply diffusers or return air intake.
Design HVAC systems for optimum flexibility in scheduling
use of courtrooms, chambers, and jury areas.
All fresh and exhaust air locations should be at least 12 m above
grade (or as high as possible) to protect against terrorist attack
(see Chapter 61 for more information).

System Requirements

HVAC equipment generally consists of either constant- or vari-
able-volume air systems. The same independent system should be
used for courtrooms, judges’ chambers, and jury suites. Every
courtroom should have an independent system that can maintain the
required temperature and humidity set points in the space, using a
thermostat and a humidistat designed to precool before scheduled
occupancy. Controls for jury deliberation rooms and judges’ cham-
bers should be placed in the conditioned space and be adjustable for
variable occupancy.

HVAC systems for courthouses should be zoned to meet the
fresh-air requirements of ASHRAE Standard 62.1. Central plant
systems (including chillers, boilers, and air-handling units) should
be designed for 24 h operation, intermittent occupancy, and after-
hours activity. All VAV terminal units and reheat coils should be
located outside courtrooms and deliberation rooms, and should be
accessible for maintenance.

Courtrooms/Chambers

The HVAC system serving judges’ chambers, courtrooms, and
trial jury suites should provide an average occupied temperature of
23°C. The courtroom system zone should allow temperature sensors
to be reset from the building automation system to precool to 21°C
before scheduled occupancy. Humidity sensors should maintain
minimum relative humidity at 20% (winter) to 50% rh (summer).

Provide a minimum of 6 ach for rooms with ceiling heights up
to 4.5 m, and 8 ach for rooms with higher ceilings. Systems should
be designed to meet these requirements when spaces are fully
occupied. These airflows should be reduced during long unoccu-
pied hours, at night, and on weekends and holidays.

Each courtroom should be served by a dedicated fan system, and
return air from each courtroom and associated areas (jury rooms,
judge’s chambers, etc.) must be ducted directly back to the unit or
system.

Jury Facilities

Trial jury suites should be served from the same system as the
associated courtrooms. (A separate temperature and humidity con-
trol for each trial jury room is desirable.)

Air distribution systems must provide separate temperature con-
trol and a high degree of acoustical isolation, particularly in grand
jury and trial jury rooms. Return air must be ducted directly back to
the unit or exhaust air riser. Ductwork must be treated to meet the
acoustical deliberation room design criterion of a maximum of 25 to
35 RC. Before recommending underfloor air distribution, filtration,
temperature, distribution, air balancing, and commissioning method
should be considered.



10.6

In the jury assembly room, deliberation room, and associated
toilet rooms, the system must provide 10 ach with 80 to 85% return
and exhaust.

Libraries

See the discussion of libraries in the section on Jails, Prisons, and
Family Courts.

Jail Cells and U.S. Marshal Spaces (24 h Spaces)

A separate air-handling system tied to the main HVAC system
should be able to operate independently after hours. A separate
100% fresh and exhaust air system should be provided to jail cells;
it should have security grilles and barrier bars, and should maintain
negative pressure.

Marshal spaces should be treated as normal office areas, except
for cell areas and exercise rooms. Contents usually include com-
puter and radio equipment, cells, exercise rooms, gun vaults, and
perhaps sleeping rooms, and may be occupied 24 h a day. HVAC
systems serving these areas should be separate from other systems.

Fitness Facilities

These facilities should be tied to the 24 h system and have a sep-
arate 100% fresh air unit able to dehumidify air to 10°C dp. Provide
exhaust air and heat recovery systems, and maintain the space under
negative pressure. See Chapter 5 for more information on gymnasi-
ums.

Acoustic Performance

Acoustic performance should be a major consideration when
selecting HVAC equipment. Systems serving courtrooms and aux-
iliary spaces should be designed with sound attenuation to provide
consistent and acceptable sound levels (25 to 40 RC). This is partic-
ularly critical in court facilities that require extensive use of sound
and audio/visual (A/V) equipment for recording and presentations.
Vibration and acoustic performance should be in accordance with
guidance in Chapter 49.

To control noise during all modes of operation and for all load
conditions, HVAC systems should be provided with one or more of
the following:

* Sound traps and acoustic lining in supply and return or exhaust
ductwork

» Low-velocity, low-static-pressure fan systems (pay special atten-
tion to fan types for noise levels)

* Special low-noise diffusers

Return air should be ducted, especially in courtrooms and jury
rooms. Special attention should be given to location of any parti-
tions extending to the floor above and the acoustical treatment
around the penetrations of these partitions.

HVAC equipment, including air-handling units (AHUs) and
VAV boxes, should not be located close to courtrooms, jury rooms,
or chambers. The minimum distance between a space and these
units should be 7.5 m. General system design needs to provide
appropriate treatment of mechanical supply/return ducts to mini-
mize sound and voice transmission to surrounding areas.

For court and jury facilities, RC should range from 25 to 40. For
sound level maintenance, the courtroom should be served by
constant-volume air supply. The system must also support variable
outdoor air requirements and variable cooling loads. Air ducts serv-
ing trial and grand jury suites must be lined with 50 mm thick, 48 kg/
m?3 density acoustical absorption material for at least 3.5 m from the
diffuser or return air intake.

5. FORENSIC LABS

In forensic labs, physical evidence is examined, autopsies may
be performed, human remains are tested and identified, firearms are
tested, evidence is stored, all aspects of suspected criminal activity
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are reviewed to determine whether a crime has been committed, and
people are identified from evidence taken at crime scenes.

The labs contain many chemicals, fume hoods, ovens, centri-
fuges, microscopes, x-ray units, and other laboratory equipment that
need to be considered in space loads and ventilation requirements.
Some lab equipment is sensitive to changes in temperature and
humidity. See Chapter 17 for more information on laboratories.

Forensic labs may be stand-alone facilities or part of other facili-
ties, or specific departments may be separated and located in other
facilities. Components may include offices, data rooms, storage
rooms, laboratories, autopsy rooms, interview rooms, inspectors’
offices, mechanical and electrical rooms or central plants, firearms
rooms, X-ray rooms, photo developing rooms, and body or evidence
drying rooms.

HVAC Design Criteria

 Use outdoor summer temperature conditions equal to ASHRAE
1% design dry bulb and mean coincident wet bulb. For outdoor
winter temperature conditions, use ASHRAE 99% design dry
bulb and mean coincident wet bulb.

* For indoor air, 23°C and 50% rh for summer conditions and
occupancy, and 22°C and 20 to 35% rh for winter, depending on
user requirements.

* Nonhospital autopsy rooms may require room temperatures as
low as 16°C and airflows as high as 15 ach when the medical
examiners are suited in heavy or rubber garments during an
autopsy, or when odors are especially noticeable. Autopsy rooms
must be kept under negative pressure at all times. Air should be
exhausted high and low in the space when autopsies are being per-
formed. Specific autopsy sinks may include their own exhaust
grilles and need to be exhausted when they are in use. All outdoor
air may be required for odor control when autopsies are being per-
formed and for at least 30 min after autopsies are completed.
Noise levels of 20 to 35 RC may be required, because of record-
ings made during autopsies.

« Laboratories should be kept at 21 to 22°C and at least 20 to
30% rh in winter, and 21 to 23°C and 50% rh in summer. These
rooms often contain fume hoods and the supply, room exhaust,
and hood exhaust airflows must all be controlled together to keep
the space under a negative pressure, although some laboratory
operations may require positive pressure. All room air must be
exhausted and not recirculated. These spaces contain large equip-
ment loads that produce high sensible and latent heat gains at var-
ious times. Systems serving these rooms must be flexible enough
to react to these load changes and maintain their room sensor set
points. Most labs require year-round cooling and dehumidifica-
tion with reheat to prevent build-up of excessive humidity under
some weather conditions. Clean steam may be required for the
fume hoods and humidifiers serving the labs; fume hoods and lab
benches may also require specially treated water (e.g., deionized
[DI)] water), inert gases, and natural gas supplies.

* Microscope tables need to be isolated from vibrations from
mechanical equipment and from building vibrations; information
on vibration isolation can be found in Chapter 49.

* Usually, forensic labs are occupied 24 h a day, with a small num-
ber of rooms that may only be occupied during normal business
hours; equipment should be selected, zoned, and controlled to
allow for these various occupancies.

System Requirements

Offices and general storage in forensic laboratories are served by
normal air-handling systems and should maintain normal room air-
flows and temperature and humidity set points. Return air may be
recirculated. Offices should be kept at positive pressure to keep
odors out and to allow use as makeup air for negative-pressure
spaces (e.g., storage areas for formaldehyde, which should be
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exhausted to the outdoors). Systems serving the offices may be
required to have their own independent heating and cooling units or
terminal units, because their occupancy schedules may differ from
those of the labs and other areas.

HVAC systems in cold climates that use 100% outdoor air may
experience maintenance problems with frozen hydronic coils unless
glycol is used in the water system or the cooling coils are drained in
the winter. If internal face-and-bypass dampers are used, cold air
can become stratified and freeze portions of the coils. External or
integral coil face-and-bypass dampers often are a better application,
because they allow cold air to move around the coil or pass through
a tempered coil, which reduces the freezing potential.

Ducted supply and exhaust air systems should be used for labs
and autopsy rooms. The amount of negative pressure should be
maintained carefully in these rooms, so that doors open without
excessive door-opening force, as required for smoke control sys-
tems (see Chapter 54).

Variable-volume control of supply and exhaust fans may be pro-
vided with variable-frequency drives (VFDs). Control of the VFDs
should allow for offset of supply and exhaust airflows and to adjust
for variances within the systems, such as for dirty filters.

Fume hood exhaust fans should be located on the roof at least
7.5 m from any outdoor air intakes, so they will discharge a vertical
plume above and away from the roof. Exhaust fans should not be
located inside the occupied space; this can produce a positive air
pressure in the exhaust duct downstream of the fan, causing leakage
back into the space. Consider using redundant exhaust fans or an
N+ 1 exhaust fan system for critical areas.

Exhaust duct and fan materials need to be checked for corrosion
resistance against chemicals from fume hoods and laboratories.
Coordinate with laboratory personnel regarding these fumes. Fiber-
glass, plastic, stainless steel, or coated galvanized duct materials
should all be considered. Internal duct lining should never be used
in exhaust ducts. Also, consider requiring the exhaust fan to be
explosion-proof and spark-resistant if materials exhausted may be
explosive.

Use care in locating supply air diffusers in relation to the fume
hoods, so that exhaust air flowing into the fume hood is not dis-
turbed and does not create turbulence in front of the hood. Supply
air should be introduced slowly in a semilaminar flow pattern away
from the hoods.

Intake Air Quality

The quality of outdoor air brought into forensic laboratories
should be carefully controlled. Usually, these labs are in urban
environments close to traffic, parking garages, industrial areas,
emergency generator exhausts, restaurant exhausts, and other con-
taminants. Also, risks from bioterrorism should be addressed by
locating outdoor air intakes where they are inaccessible to the
public (see Chapter 61). MERV 13 or 14 final filters may be
required for critical lab areas, such as DNA extraction labs, autopsy
rooms, and toxicology labs, to prevent cross contamination from
other processes in the facility or from other outdoor air influences.

Firearms Testing Laboratories

Firearms testing labs often contain microscope rooms, firearms
and ammunition storage rooms, bullet traps, workbench tool rooms,
catalog reference rooms, and researcher offices.

Ballistic shooting trap areas are usually kept under negative pres-
sures because of smoke emissions. These rooms should be treated
for noise attenuation to prevent noise being transmitted to other
spaces or reverberating within the room. Air should be supplied near
the shooter’s breathing zone and exhausted at or near the bullet trap
and downstream of the muzzle of the firearm. Using two-speed
supply and exhaust fans or fans with VFDs is recommended, so that
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fan speed is lower when no shooting is occurring. All exhaust sys-
tems should be ducted to roof-mounted fans.

Catalog reference rooms and all offices may operate at different
hours than the labs, and may be served by their own HVAC systems
or systems with equivalent occupancy schedules. Room tempera-
ture and pressures should be the same as for general offices, and
return air can be recirculated back to the air-handling system.

Acoustic Performance

Acoustic performance should be a major consideration in select-
ing HVAC equipment. Systems serving laboratory and autopsy
spaces should be designed with sound attenuation to provide con-
sistent and acceptable sound levels (25 to 40 RC). This is particu-
larly critical for autopsy rooms that require extensive use of sound
and A/V equipment for recordings. Vibration and acoustic perfor-
mance should be in accordance with Chapter 49.

To control noise during all modes of operation and for all load
conditions, the HVAC systems should be provided with one or more
of the following:

» Sound traps and acoustic lining in supply and return ductwork

* Sound trap in exhaust ductwork

» Low-velocity, low-static-pressure fan systems (pay special atten-
tion to fan types for noise levels)

 Special low-noise diffusers

Pay special attention to location of any partitions extending to the
floor structure above and the acoustical treatment at penetrations of
these partitions to provide sound attenuation around the perimeter
of ducts and pipes to prevent noise transmissions.

Critical Spaces

Rooms containing freezers or coolers and critical computer
rooms should be served by their own independent cooling systems
with emergency power back-up, to ensure operation in the event of
an extended power outage.

Room pressure controls and monitors should be provided in crit-
ical laboratory areas, autopsy rooms, firearms testing rooms, storage
rooms that contain hazardous materials, DNA rooms, evidence
vaults, trace evidence rooms, drying rooms, photo developing rooms
(darkrooms), and other areas deemed necessary by the owner. Room
pressures should be continually maintained by measuring supply and
exhaust airflows to the room and varying the supply air rate to main-
tain a differential from the exhaust airflow rate.

Evidence Vaults. Humidity control and cross-contamination
prevention are critical, as is exhausting odors from drugs stored in
the vault. The room must be kept under negative pressure at 22 to
23°C and 30% rh in the winter and no more than 50% rh in the sum-
mer. Barrier bars must be installed on any duct penetrations for
these rooms. Firestopping and combination smoke/fire dampers
should be installed at duct penetrations.

Photo Developing. Photographic darkrooms must be kept
under negative pressure and exhausted to the outdoors, because of
the chemicals stored and used within the room. Exhaust should be
located behind developing sinks and counters. Outdoor air should
be supplied at a minimum of 2.5 L/(s-m?2), from low-velocity dif-
fusers behind lab personnel. Exhaust ducts and fans must be
corrosion resistant and contain combination fire/smoke dampers
and firestopping at the penetrations. Exhaust fans should also be
explosionproof and spark resistant. See Chapter 23 for informa-
tion on temperatures and humidity levels.

Photo Studios. Photo studios have high heat loads because of
their excessive lighting requirements. Systems serving these spaces
should be designed to minimize noise and air motion and handle vari-
able loads, because of the occupancy schedule and lighting levels.

Trace Rooms. Trace rooms are laboratories where very small
amounts of evidence are examined and tested. Consequently, supply
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airflows need to be low, laminar flow away from the work surfaces
to prevent any disturbance of materials. These rooms should be
treated as any other lab for temperature, humidity, pressurization,
and airflows.

Drying Rooms. Some forensic labs have rooms where evidence
must be dried very slowly, to preserve it. HVAC systems serving
these rooms should be separate from other systems to prevent cross
contamination; temperatures should be maintained between 24 and
27°C, pressure should be negative, and all air exhausted to the out-
doors. Laminar air supply should be introduced into the room and
high and low exhaust inlets should be installed. Supply air should
receive final HEPA filtration.

Laboratory Information Management Systems (LIMS)

Many labs use a separate laboratory information management
system to document temperature, pressure, and humidity levels in
critical laboratory spaces for validation and certification purposes.
System requirements need to be coordinated with the owner.

Historical data storage and retrieval of selected processes and
system events, system documentation, and data should be required.
This function should allow report formatting and generation from
archived historical data. Typical reports consist of alarm summaries,
limit summaries, report time reports, all-points logs, trend listing,
time of day start/stop schedules, message summaries, energy logs,
and maintenance reports.

An independent commissioning agent should be retained at the
beginning of system design and should perform complete, detailed
commissioning services, including system start-up services, opera-
tion and maintenance training and documentation, control of shop
drawings, and operation and maintenance manuals. A validation pro-
cedure may also be required to ensure the system’s operational effec-
tiveness meets both the design intent and operator’s requirements.

6. INDOOR SHOOTING RANGES

Indoor shooting ranges are used by law enforcement and the mil-
itary for practice and to maintain accuracy and proficiency with
their weapons.

These ranges must be well ventilated to remove gases and lead
dust, at a low enough velocity so as not to disturb suspended targets.
The range also must be soundproofed from adjoining or neighbor-
ing facilities.

Indoor ranges consist of shooting booths, shooting lanes, bullet
trap area, range officer position area, weapon storage, ammunition
storage, weapon cleaning, restrooms, classroom/lobby, and HVAC
systems. The ventilation system must be in operation during all shoot-
ing times, cleanup time, and for at least 30 min after shooting times.

Shooting booths are usually 1.1 to 1.2 m wide, 2.7 m high, and
1.8 m deep. Shooting booths are separated by soundproof partitions.

The shooting lanes are usually 1.1 to 1.2 m wide, 4.0 m high and
22.9 m long, with mechanical target moving systems. At the end of
each shooting lane is a bullet trap.

The shooting range should have its own ventilation system.
Some indoor ranges have entering outdoor air tempered for occu-
pant comfort. If so, air delivered should be at least 18.3°C in winter
and maximum of 26.7°C in the summer.

The total amount of outdoor air to be delivered depends on the
number of shooting lanes installed. Typical airflows are based on
0.38 m/s at each firing lane, with some air exhausted at the ceiling
6.1 to 7.6 m from the booth and the remaining air exhausted at the
bullet traps, or a minimum of 0.25 m/s at each firing lane and all air
exhausted at the bullet traps. Supply air should be evenly distributed
at the firing line about 4.6 m behind the shooters on the back wall in
a laminar-flow plenum wall fashion, or along the ceiling above and
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behind the shooters. The range must be kept at a negative pressure
at all times when in use and for at least 30 min after use, with supply
and exhaust fans interlocked. The minimum exhaust rate must be
about 10% above supply rates.

Exhaust ducts must be located behind and at the apex of bullet
traps, or along the sides of the trap and slightly in front of the trap
apex. Exhaust air must be filtered with HEPA filters.

Outdoor and exhaust air inlets and outlets must have sound traps
to reduce any shooting noise emitted to the outdoors. Acoustical
material must be applied to the exterior of the HVAC ducts. The
maximum noise levels are about 165 dBA within the range.

If heat recovery from the exhaust is to be used, it must be care-
fully planned to avoid reintroducing lead fumes and toxic gases into
the facility. Inorganic lead exposures are about 50 mg/m? based on
an 8 h time-weighted average. Again, at least 10% more air must
be exhausted than supplied.

Use MERV 7 prefilters on once-through systems. Use MERV 14
prefilters and HEPA filters (bag-out removal) for recirculated air
systems. On exhaust air, use MERV 6 prefilters and HEPA filters
(bag-out removal). Check with local authorities about safe disposal
of lead-contaminated filters.

The weapon cleaning and ammunition storage areas must be
exhausted and kept at negative pressures. The other areas of the facil-
ity should be maintained at positive pressure to the shooting range,
and the toilets at negative pressure to the classroom/lobby area.

The mechanical room or equipment should be accessible without
going into the shooting range.
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CHAPTER 11

AUTOMOBILES

DeSign FACIOTS .........coovviiiiiiiiiiiiiicccie,
Air-Handling Subsystem...........c.cccoveevceevervenenenncn.

Heating SubSYStent .............cccccvevivvinciivnninncnnn,
Refrigeration SubSysten...........c..coeeeeceeeveenveneranenn.

HERMAL systems in automobiles (HVAC, engine cooling,

transmission, power steering) have significant energy require-
ments that can adversely affect vehicle performance. New and in-
novative approaches are required to provide the desired comfort in
an energy-efficient way. In recent years, efficiency of the thermal
systems has increased significantly (compared to systems used in
the early to mid-1990s). Providing thermal comfort in an energy-
efficient way has challenged the automotive industry to search for
innovative approaches to thermal management. Hence, managing
flows of heat, refrigerant, coolant, oil, and air is extremely import-
ant because it directly affects system performance under the full
range of operating conditions. This creates significant engineering
challenges in cabin and underhood thermal management. Optimi-
zation of the components and the system is required to fully under-
stand the components’ effects on the system. Thus, modeling the
components and the system is essential for performance predic-
tions. Simulation of thermal systems is becoming an essential tool
in the development phase of projects. Durability and reliability are
also important factors in design of these systems.

Environmental control in modern automobiles usually consists of
one (or two for large cars, trucks, and sport utility vehicles) in-cabin
air-handling unit that performs the following functions: (1) heating,
(2) defrosting, (3) ventilation, and (4) cooling and dehumidifying (air
conditioning). This unit is accompanied by an underhood vapor cycle
compressor, condenser, and expansion device. The basic system can
be divided into three subsystems: air handling, heating, and refriger-
ation (cooling). All passenger cars sold in the United States must
meet defroster requirements of the U.S. Department of Transporta-
tion (DOT) Federal Motor Vehicle Safety Standard 103 (FMVSS), so
ventilation systems and heaters are included in the basic vehicle
design. The most common system today integrates the defroster,
heater, and ventilation system. In the United States, the vast majority
of vehicles sold today are equipped with air conditioning as original
equipment.

1. DESIGN FACTORS

General considerations for design include cabin indoor air quality
(IAQ) and thermal comfort, ambient temperatures and humidity,
operational environment of components, airborne contaminants,
vehicle and engine concessions, physical parameters, durability,
electrical power consumption, cooling capacity, occupants, infiltra-
tion, insulation, solar effect, vehicle usage profile, noise, and vibra-
tion, as described in the following sections.

Thermal Comfort and Indoor Air Quality (IAQ)

ASHRAE Standard 55 provides information on the airflow
velocities and relative humidity required to provide thermal com-
fort. Effective comfort cooling system design in cars must create air
movement in the vehicle, to remove heat and occupants’ body efflu-
ents and to control moisture build-up. Assuming an effective

The preparation of this chapter is assigned to TC 9.3, Transportation Air
Conditioning.
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temperature of 22°C with no solar load at 24°C, 98% of people are
comfortable with zero air velocity over their body. If the tempera-
ture increases to 27°C, the same number of people are comfortable
with an air velocity of 2.5 m/s. If panel vent outlets can deliver suf-
ficient air velocity to the occupants, comfort can be reached at a
higher in-vehicle temperature than with low airflow (Figure 1).

Several modeling manikins for predicting human physiological
behavior are described in Guan et al. (2003a, 2003b, 2003c), Jones
(2002a, 2002b), and Rough et al. (2005).

During the increasingly common gridlock or stop-and-go condi-
tions, tailpipe emissions can make outdoor air (OA) extremely pol-
luted, and it is important to ensure that passengers’ exposures to
these gases do not exceed American Conference of Governmental
Industrial Hygienists (ACGIH 2014) short- or long-term exposure
limits.

Tailpipe emissions include

Nitrogen oxides (NO,), which include both nitric oxide (NO) and
nitrogen dioxide (NO,), which always occur together (Pearson
2001)

» Carbon monoxide (CO), which forms in the combustion chamber
when oxygen supply is insufficient

Hydrocarbons (HCs) from unburnt fuel due to incomplete com-
bustion

Volatile organic compounds (VOCs) emitted from plastic parts,
carpet, seats, headliner, door panels, etc.

Diesel engines emit mainly NO, and HC, and gasoline engines
emit mainly CO and HC. Worldwide, road transportation accounts
for approximately 50% of NO, emissions, and gasoline-powered
vehicles alone account for 32% of HC emissions in the United States
(Pearson 2001).

In winter, the HVAC unit is typically operated in outdoor air
mode. Hence, there is a possibility of tailpipe emission entering the
cabin in all heating modes (defrost, defrost-foot, and foot). To limit
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passengers’ exposure to tailpipe emissions, the blower unit’s air
intake door can be switched from outdoor air mode to recirculation
mode during times of traffic congestion and potential poor OA
quality (Mathur 2006, 2018a). Once the vehicle is out of the traffic
jam, the mode door can be switched back to outdoor air mode
(Mathur 2007a).

Carbon dioxide (CO,) from passenger exhalations can also
build up in the cabin, especially in low-body-leakage or new vehi-
cles, so the vehicle’s A/C system should not be operated in recircu-
lation mode for extended periods. This issue becomes critical when
several occupants are in a vehicle that has 100% return air in recir-
culation mode. A timed strategy is recommended for recirculation;
after the set time (e.g., 30 min) elapses, the mode automatically
changes to outdoor to reduce CO, levels in the cabin. A CO, sensor
can be installed to monitor levels in the cabin, and automatically
switch to OA mode when set levels are exceeded (Mathur 2007b,
2008, 2009a, 2009b). Informative Appendix D of ASHRAE Stan-
dard 62.1-2016 specifies the suggested levels of carbon dioxide in
conditioned space: no more than 700 ppm over the ambient condi-
tions for an extended period (for satisfaction of visitors entering a
space, with respect to human bioeffluents [body odor]). Current
global average ambient concentration level of CO,, as of April
2018, is approximately 411 ppm (NOAA 2018). Hence, if the CO,
concentration exceeds approximately 1100 ppm inside a vehicle
cabin, then outdoor air must be introduced into the cabin to reduce
the CO, concentration. This is especially crucial given that driver
alertness and fatigue are impacted by CO, build-up (Mathur 2016b).

Relative humidity also affects cabin IAQ. Too high a level
affects occupant comfort and can lead to condensation and fogging
on windows. A relative humidity sensor can detect excessive
humidity and intervene.

See the section on Controls under Air-Handling Subsystem for
more information on cabin IAQ.

Cooling Load Factors

Occupancy. Occupancy per unit volume is high in automotive
applications. The air conditioner (and auxiliary evaporators and sys-
tems) must be matched to the intended vehicle occupancy.

Infiltration. Like buildings, automobiles are not completely
sealed: wiring harnesses, fasteners, and many other items must pen-
etrate the cabin. Infiltration varies with relative wind/vehicle veloc-
ity. Unlike buildings, automobiles are intended to create a relative
wind speed, and engines may emit gases other than air. Body sealing
and body relief vents (also known as the drafter) are part of air-
conditioning design for automobiles. Occasionally, sealing beyond
that required for dust, noise, and draft control is necessary.

By design, vehicles are allowed to have controlled body leakage
that allows air movement in the vehicle to provide comfort to the pas-
sengers. This also helps control moisture build-up and the occupants’
perceived comfort level. However, excessive body leakage results in
loss of heating and cooling performance. Vehicle body leakage char-
acteristics typically are significantly different in dynamic conditions
compared to static conditions. Air can leak from the vehicle’s doors,
windows, door handles, and trunk seals (uncontrolled exit points);
drafters allow a controlled exit for air from the cabin, and should be
self-closing to prevent inflow when the body pressure is negative
with respect to the exterior pressure. According to the Society of Au-
tomotive Engineers (SAE) Standard J638, infiltration of untreated
air into the passenger compartment through all controlled and uncon-
trolled exit points should not exceed 0.165 m3/s at a cabin pressure of
0.25 kPa (Atkinson 2000). However, each vehicle has different body
leakage characteristics. Some vehicles have two drafters inside the
trunk on either side, and some have only one.

Insulation. Because of cost and mass considerations, insulation
is seldom added to reduce thermal load; insulation for sound control
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is generally considered adequate. Additional dashboard and floor
thermal insulation helps reduce cooling load. Some new vehicles
have insulated HVAC ducts to reduce heat gain during cooling and
heat loss during heating. Typical interior maximum temperatures
are 93°C above mufflers and catalytic converters, 50°C for other
floor areas, 63°C for dash and toe board, and 43°C for sides and top.

Solar Effects. The following four solar effects add to the cooling
load:

* Vertical. Maximum intensity occurs at or near noon. Solar heat
gain through all glass surface area normal to the incident light is
a substantial fraction of the cooling load.

Horizontal and reflected radiation. Intensity is significantly
less, but the glass area is large enough to merit consideration.

* Surface heating. Surface temperature is a function of the solar
energy absorbed, the vehicle’s interior and exterior colors, inte-
rior and ambient temperatures, and the automobile’s velocity.
Vehicle colors and glazing. The vehicle’s interior and exterior
colors, along with the window glazing surfaces (clear or tinted),
strongly affect vehicle soak temperature. Breathing-level tem-
peratures after a 1 h soak can be 22 to 33 K higher than ambient,
with internal surfaces being 28 to 55 K above ambient (Atkinson
2000).

Ambient Temperatures and Humidity. Several ambient tem-
peratures need to be considered. Heaters are evaluated for perfor-
mance at temperatures from —40 to 21°C. Air-conditioning systems
are evaluated from 4 to 45°C, although ambient temperatures above
52°C are occasionally encountered. The load on the air-condition-
ing system is also a function of ambient humidity (at most test con-
ditions, this latent load is around 30% of the total). Typical design
points follow the combinations of ambient temperature and humid-
ities of higher probability, starting at around 90% rh at 32°C and
with decreasing humidity as temperature increases.

Because the system is an integral part of the vehicle, the effects of
vehicle-generated local heating must be considered. For interior
components, the design high temperature is usually encountered
during unoccupied times when the vehicle is soaked in the sun. Inte-
rior temperatures as high as 90°C are regularly recorded after soaks
in the desert of the southwestern United States. Achieving a comfort-
able interior temperature after a hot soak is usually one of the design
conditions for most vehicle manufacturers.

Operational Environment of Components

Underhood components may be exposed to very severe environ-
ments. Typical maximum temperatures can reach 120°C. The drive
to achieve more fuel-efficient automobiles has reduced available
space under the vehicle hood to a minimum. This crowding exposes
many components to temperatures approaching that of exhaust sys-
tem components. Heat from the vehicle also adds to the cooling
loads that the air-conditioning system must handle. During idle,
heat convected off the hood can raise the temperature of air entering
the air inlet plenum by as much as 6 to 14 K (Mathur 2005a). A sim-
ilar effect is found during idle when air from the engine compart-
ment is reentrained into the air flowing through the condenser
(Mathur 2005b). Air temperatures as high as 70°C have been
encountered on parts of a vehicle’s condenser during operation with
a tailwind in ambient temperatures as low as 38°C. Typically, front
air management is improved by using air guides and seals to prevent
air bypassing either the condenser or radiator at idle. Significant
improvements in vent outlet temperatures (a maximum of 4 K and
cabin temperatures of 1 to 3 K) and a reduction in head pressures
(200 to 530 kPa) have been obtained. Recirculation of hot engine
compartment air was reduced from 29 K over ambient (base case) to
approximately 15 K over ambient. Further details are provided in
the section on Vehicle Front-End Design.
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Airborne Contaminants and Ventilation

Normal airborne contaminants include bacteria, pollutants,
vapors from vehicle fluids, and corrosive agents (Mathur 2006,
2017a). Exposure to these must also be considered when selecting
materials for seals and heat exchangers. Incorporating particulate
and/or carbon filters to enhance interior air quality (IAQ) is
becoming common. Air-handling systems in virtually all vehicles
can exceed the ventilation recommendations for buildings and
public transportation in ASHRAE Standard 62.1. However, the
driver has complete control of the HVAC system in the vehicle, and
can reduce cabin airflow to virtually zero when desired (e.g., before
warm-up on cold days).

Power Consumption and Availability

Many aspects of vehicle performance have a significant effect on
vehicular HVAC systems. Modern vehicles have a huge variety of
electric-powered systems. The need to power these systems while
maintaining fuel efficiency leads manufacturers to demand a high
level of efficiency in electrical power usage. On some vehicles, elec-
trical power use is monitored and reduced during times of minimal
availability. The mass of the HVAC system is also closely controlled
to maintain fuel efficiency and for ride or handling characteristics.
The power source for the compressor is the vehicle’s engine. At
engagement, the need to accelerate the rotational mass as well as
pump the refrigerant can double the engine torque. This sudden
surge must not be perceptible to the driver, and is controlled through
careful calibration of the engine controls. Automotive compressors
must provide the required cooling while compressor speed varies
with the vehicle condition rather than the load requirements. Vehicle
engine speeds can vary from 8.3 to 100 rev/s. For electric vehicles,
power consumption from electric compressors and heaters (PTC
heaters) is extremely important, because it directly affects driving
distance (Jeffers et al. 2016).

Physical Parameters, Access, and Durability

Durability of vehicle systems is extremely important. Hours of
operation are short compared to commercial systems (260 000 km at
65 km/h = 4000 h), but the shock, vibration, corrosion, and other
extreme conditions the vehicle receives or produces must not cause
a malfunction or failure. Automotive systems have some unique
physical parameters, such as engine motion, proximity to compo-
nents causing adverse environments, and durability requirements,
that are different from stationary systems. Relative to the rest of the
vehicle, the engine moves both fore and aft because of inertia, and
in rotation because of torque; this action is referred to as engine
rock. Fore and aft movement may be as much as 13 mm; rotational
movements at the compressor may be more than 19 mm from accel-
eration and 13 mm from deceleration when the length to center of
rotation is considered. Additionally, the need for components to sur-
vive bumper impacts of up to 8 km/h leads to additional clearance
and strength requirements. Vehicle components may also be
exposed to many different types of chemicals, such as road salt, oil,
hydraulic fluid (brakes and power steering), and engine coolant.

Automobiles also increasingly incorporate electrical and elec-
tronic components and functionality. This requires manufacturers to
both limit the emissions of electrical signals from components and
ensure that all components work when subjected to these same types
of emissions. Manufacturers’ requirements for electromagnetic
compatibility are increasingly stringent regarding the frequencies of
radio and communication devices.

Wiring, refrigerant lines, hoses, vacuum lines, and so forth must
be protected from exhaust manifold heat and sharp edges of sheet
metal. Normal service items such as oil filler caps, power steering
filler caps, and transmission dipsticks must be accessible. Air-
conditioning components should not have to be removed to access
other components.
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Noise and Vibration

The temperature control system should not produce objection-
able sounds. During maximum heating or cooling operation, a
slightly higher noise level is acceptable. Thereafter, it should be
possible to maintain comfort at a lower blower speed with an accept-
able noise level. Compressor-induced vibrations, gas pulsations,
blower motor vibration, and noise must be kept to a minimum. Suc-
tion and discharge mufflers are often used to reduce noise. Belt-
induced noises, engine torsional vibration, and compressor mount-
ing all require particular attention. Manufacturers have different
requirements and test methods. Although it is almost impossible to
predict vehicle sound level from component testing, a decrease in
the sound and vibration energy at the source of noise always
decreases the noise level in vehicle (assuming there is not a shift in
frequency), so most automobile manufacturers require continuous
improvement in overall component sound level.

Vehicle Front-End Design

Front-end design affects performance of the climate control and
engine cooling systems, especially at low speeds and at idle. The
design should ensure that air flowing into the front end through the
bumper and/or grille does not bypass either the condenser or radiator
from the sides, top, or bottom. Air takes the path of least resistance,
and if not forced over the heat exchangers, it usually bypasses them.
In a good design, the condenser and radiator are the same size, and
there should not be space between (Mathur 2005b). This eliminates
the use of seals between the condenser and radiator. Typically, the
front-end module has components in the following sequence: con-
denser, radiator, and fans (CRF); these systems are known as con-
denser-radiator-fan modules (CRFM). A good front-end design
provides optimum performance for both air-conditioning and
engine-cooling systems. Airflow over the front end couples these
two systems; thus, performance of one system (e.g., air conditioning)
influences the other system (engine cooling). This is most evident at
idle.

In a typical design, sheet metal covers the entire area on the sides
of the condenser. This prevents air from bypassing from either side
of the condenser and radiator. To prevent recirculation of hot engine
compartment air at idle, the front bottom part of the front end is usu-
ally covered by sheet metal or plastic sheet. To limit recirculation on
the top, a seal is usually added atop the cross frame when the hood
is closed. This prevents recirculation of the hot engine compartment
air to approximately the top and bottom thirds of the condenser.
Without this, condenser head pressure may increase greatly, further
degrading system performance.

Enhanced R-134a systems require substantial changes to hard-
ware and controls to achieve performance and energy requirement
targets, although some of the strategies described here can be used
to approach the targets.

2. AIR-HANDLING SUBSYSTEM

The in-cabin air-handling unit, commonly called an air-
conditioning module (ACM), provides air to the passenger cabin.
It incorporates the following basic components: heater core, evapo-
rator core, blower motor, air-distribution control, ram air control,
body vents, and air temperature controls. In addition to the ACM, an
air inlet plenum, distribution ducting, outlets, and body relief vents
or drafters make up the complete air-handling subsystem. The evap-
orator core is a part of both the refrigeration and air-handling sub-
systems and links the two. The heater core is similarly the link with
the heating subsystem.

The basic function of the air-handling system is as follows. The
air intake valve allows air from either the exterior (taken directly
from the air intake plenum or OA) or the cabin to be recirculated to
the fan. The fan then pumps air through the evaporator and into the
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temperature control door, which forces the air to either flow through
or bypass the heater core to obtain the desired temperature. The air
then moves to the distribution area of the module, where it is
directed to one or more of the heater, ventilation, or defrost outlets.
Air in the cabin then either is recirculated or exits the vehicle
through body vents or drafter(s).

There are many variations on the basic ACM system. Common
ones include regulating the air discharge temperature using coolant
flow control and separating the ACM into two or more subcompo-
nents to better fit the system in the vehicle.

Air Delivery Modes

There are three basic modes in most vehicles: heater, defroster,
and air conditioning (or vent for vehicles without air conditioning).
Typical mixed modes include bilevel, blend, and ambient.

Heater Mode. Heater mode is designed to provide comfort heat-
ing to vehicle occupants. Typical maximum heater airflow is 60 to
95 L/s for a midsized automobile. Heater air is generally distributed
into the lower forward (foot) compartment, under the front seat, and
up into the rear compartment. Air distribution near the floor also
makes the vehicle more comfortable by providing slightly cooler air
at breathing level. Because the supply air temperature is relatively
high, direct impingement on the occupant is not desirable. Heater air
exhausts through body leakage points.

Heater mode warms air in the vehicle above the dew points of the
surrounding air and of the vehicle’s glass. To prevent condensation
from occupant respiration or from rain or snow tracked in, most
vehicles sold in North America draw only OA when in heater mode
and do not allow recirculation. However, some vehicle designs do
allow recirculation, avoiding the higher cost of including the electric
or vacuum actuation system necessary to prevent it.

Most vehicles also provide a small bleed of air (typically 15 to
25% of total airflow) in heater (foot) mode to the windshield to iso-
late it from the car’s interior. Properly designed, this prevents loss of
visibility by window fogging under most conditions.

Defrost Mode. Defrost mode is provided to clear the windshield
from frost and fog, both internally and externally. Typical
maximum airflow for defrost systems is 70 to 95 L/s for a midsized
automobile. Defrost mode requirements are given in the DOT’s
Federal Motor Vehicle Safety Standard (FMVSS) 103, which de-
fines areas on the windshield for driver vision and a time frame in
which they must be able to be cleared under extreme vehicle oper-
ating conditions. Most vehicles are also equipped with side win-
dow demisters that direct a small amount of heated air and/or air
with lowered dew point to the front side windows. Rear windows
are typically defrosted by heating wires embedded in the glass.

To prevent windshield fogging, most vehicles built in North
America prevent air from being recirculated in defrost mode. In
addition, many vehicles automatically operate the air-conditioning
system in defrost if the ambient temperature is above a threshold
(usually around 4°C). This provides an extra assist and safety factor
by lowering the dew point of air exiting the ACM to below ambient
temperature.

Air-Conditioning (or Panel) Mode. The air-conditioning mode
is provided for occupant comfort cooling and to ventilate the
vehicle. Typical airflow for panel mode is 95 to 140 L/s in a mid-
sized car. Because of the lower temperature differentials in this
mode, airflow is provided in such a way that direct impingement on
the occupants can be achieved if desired. A minimum air velocity of
10 m/s at the outlet is desired, to provide adequate comfort to occu-
pants in the front and rear of the cabin (Atkinson 2000). As dis-
cussed in the Design Factors section, the higher heat fluxes and
higher initial temperature at vehicle start-up frequently require that
the system be able to spot cool, providing the cooling airflow di-
rectly on the occupants, before lowering the overall cabin tempera-
ture. For these reasons, directability of the supply outlet on the
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occupants is very important. The air-conditioning system is de-
signed to have sufficient capacity to bring the interior temperature
down rapidly; panel outlets must also be positionable, to move the
airflow off the occupants after a few minutes of operation.

To maximize energy efficiency and cooling rate, the A/C system
is typically operated in recirculation mode. However, in this mode,
carbon dioxide exhaled by occupants remains within the cabin and
can negatively affect cabin air quality (Atkinson et al. 2017; Mathur
2016b, 2017a, 2018b). Carbon dioxide increases. The carbon diox-
ide inhaled by occupants enters their bloodstreams, which may be
detrimental to occupants’ health. A timed strategy (about 10 min) is
therefore recommended for recirculation. After this time, the mode
automatically changes to OA to reduce CO, levels inside the cabin.
A carbon dioxide sensor can also be used in the cabin to monitor lev-
els. Ifit exceeds a predetermined level, the blower unit’s intake door
goes to OA mode (Mathur 2007a, 2007b, 2008).

Bilevel Mode. The most common mixed mode, bilevel mode, is
designed for moderate-temperature operation with high solar
loading. The system provides air to both the lower outlets and the
panel outlets. Typically, air from the panel outlets is 3 to 14 K cooler
than the air from the lower outlets. This is to provide cooling to areas
of the interior that have direct solar loading and to provide warm air
to those that do not.

Blend Mode. The next most common mixed mode is blend
mode, designed to provide a step between heater and defroster for
times when extra heat is needed to keep the windshield clear but full
defrost is not desired. A typical situation where blend mode is used
is in city traffic during snowfall. The extra airflow to the windshield
helps maintain a clear field of vision and still maintains adequate
flow to lower outlets to keep occupants warm.

Outdoor Mode. This mode is also designed for mild ambients.
It is intended to provide a relatively high total airflow through the
cabin but without the high local air velocities of the other modes.
Typically, vehicles with outdoor mode are also equipped with addi-
tional panel outlets not directed toward the occupants. The most
common configuration provides air toward the ceiling from outlets
in the middle of the dashboard.

Controls

The HVAC control head (i.e., controls for the ACM and refriger-
ation system) is located within easy reach of the driver and occu-
pants. These controls must be easy to use and not distract the driver
from the road. There are many variations, from the cable-controlled
manual system to fully automatic systems that control the cockpit
environment. The two main classifications are manual and auto-
matic.

Manual control is typically the base system that provides control
for mode, temperature valve position, air source, and air flow rate
(blower speed). In addition to air-handling controls, the control head
usually also has a button to engage the compressor (i.¢., to turn on the
A/C system). Additional functions, such as rear defrost and seat
heating controls, are frequently added to the control head. Although
manual control provides a temperature mix door control, this is not a
temperature control; it only controls the opening of the temperature
valve and fixes the amount of air that bypasses the heater core. There-
fore, if there is significant variation in ambient temperature or vehicle
coolant temperature, the manual system must be adjusted. Manual
systems typically have four or five blower speeds.

Automatic control uses a control unit and vehicle sensors to
establish a comfortable thermodynamic environment for vehicle
occupants. Sensors measure air inlet temperature, vehicle cabin tem-
perature, and ACM discharge air temperature. The automatic control
then varies the mix door position, air flow rate, ACM mode, and air-
conditioning compressor engagement. Some advanced systems
measure cabin humidity for comfort control. Automatic systems
usually have from 8 to 20 blower speeds.
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Air quality control is also available in many vehicles (Mathur
2007a, 2007b). Most of these systems assume that a vehicle quickly
passes through areas where the contamination source is prevalent. A
sensor measures a surrogate gas (a gas that is not necessarily toxic
but accompanies toxic gases that are more difficult to measure).
When the surrogate gas is detected, the vehicle’s air inlet door is
positioned for recirculation to separate the occupants from the con-
tamination source.

Air-Handling Subsystem Components

Air Inlet Plenum. The air inlet plenum (also called a cowl) is
usually an integral part of the vehicle structure. There are two pri-
mary design considerations and several secondary design consider-
ations for the air inlet plenum:

Primary

« Air that flows into the plenum should not be influenced by uncon-
trolled emissions from the vehicle systems (i.e., the plenum
should be a source of clean air).

* The plenum should be located so that the aerodynamic effects of
air movement over the vehicle increase pressure in the plenum, so
when the vehicle operates with external air selected, air flows
through the air-handling unit into the vehicle. This allows fresh air
to flow through the vehicle and helps reduce the amount of exter-
nal air that infiltrates into the vehicle from uncontrolled sources.

Secondary

* The pressure drop of the plenum should also be considered.
Higher airflow pressure requires more power for the ACM blower
and fan to provide adequate airflow.

« Airflow at the entrance to the ACM’s blower should be uniform.
In many vehicle applications, a significant loss in efficiency is
caused by unbalanced airflow into the fan.

* The air inlet plenum also serves several other functions, such as
water separation, protection from snow ingestion, and gross fil-
tration (usually through a screen).

* The air inlet plenum should also be located such that when the
vehicle is covered by snow, the plenum still can furnish sufficient
air to clear the windshield and provide fresh air to the occupants.

The air inlet plenum is usually located at base of the windshield.
If properly sealed from underhood areas of the vehicle, this provides
a relatively high-pressure and clean source of air. Major plenum
design considerations include the following (Mathur 2005a).

Separation of Water Droplets from Airstream. It is important that
openings in the plenum cover be sized carefully. Openings that are
too small result in a higher pressure, which reduces airflow and
increases noise. Reduced airflow increases window fogging and sig-
nificantly decreases occupants’ perceived comfort. Surface tension
can also cause rainwater to plug small openings and get sucked into
the plenum when the blower is turned on in OA mode. On the other
hand, very large openings can allow snow or sleet inside, where it
can accumulate and block the path of airflow. Plenum cover opening
sizes should be optimized to address both these issues.

Water droplets follow the air trajectory inside the plenum. Re-
moving the droplets requires changing the airflow direction: because
their momentum is greater, the droplets do not change direction but
instead hit the sheet metal wall and then drain to the bottom of the
plenum channel. Otherwise, filters may become saturated with
water. Adding baffles inside the plenum channel can change airflow
direction, but also increases air pressure drop, which affects both air-
flow rate and noise levels. Angling baffles in the flow direction helps
alleviate this pressure drop increase.

Expanding the plenum’s cross-sectional area is another way of
removing water droplets from the airstream, but is not always pos-
sible because of space limitations. This is a good approach, though,
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around the wiper motor and linkages, which are housed inside the
plenum channel and significantly reduce airflow area.

Snow Separation. As discussed previously, plenum cover
opening size is crucial in keeping precipitation out of the plenum.
Even with an optimum cover design, though, accumulated snow
must be removed before the blower unit is turned on in OA mode.
Otherwise, dry, powder like snow could enter the plenum and end up
on the filter, saturating it and causing fogging issues.

Hard snow over the plenum cover is difficult to remove and sig-
nificantly reduces airflow when the blower is turned on. As air flows
over the openings, some of the ice is directly evaporated into the air-
stream by sublimation, increasing window fogging. To address this
situation, some plenum cover openings in newer cars are under the
hood, allowing some airflow into the cabin in this situation. Note,
however, that this approach could be lethal in old cars that leak
exhaust gases from faulty gaskets under the hood.

Distribution Ducting. Air from the air-handling unit is distrib-
uted to various areas of the vehicle through ducting. Typically, the
main trunk duct exits the ACM near the middle of the dashboard.
Ducting carries air from this central location to the extremes of the
instrument panel, the floor, and even the rear seat (if so equipped).
The design goal is to distribute air throughout the vehicle with as
little pressure drop as possible, to provide sufficient airflow to the
various outlets for occupant comfort. This goal is frequently com-
promised by the tight packaging constraints in modern vehicles.
Ducts should be designed with no sharp edges inside the airflow
stream, which could increase airflow rush noise.

Outlets. There are typically defrost, heater, side window, and
panel air outlets in a vehicle. The defrost air outlet is located on top
the instrument panel to distribute air to clear the windshield of frost
and fog as quickly and efficiently as possible. Heater outlets are
located on the bottom of the instrument panel to spread warm air
over the floor of the vehicle. Panel outlets are designed to provide
cool air to the occupants. The importance of panel outlets should not
be underestimated. The ability to achieve direct air impingement on
occupants with little diffusion is very important to comfort after a
vehicle has been inoperative during extremely hot summer condi-
tions. Likewise, it is important to be able to direct cool air away
from occupants after the interior begins to cool down. The air pres-
sure drop in the vent outlet changes as the direction of the vane or
blade is changed, and can result in reduced airflow. This is neces-
sary to direct the airflow over the desired area of the passenger.
Being able to direct the jet air and reach the occupants under all con-
ditions can result in satisfied consumers; the lack of this ability has
led to dissatisfied consumers even in vehicles with exceptional air-
flow and capacity.

Body Relief Vents or Drafters. Body relief vents or drafters are
designed to ensure airflow through the vehicle from front to rear.
The drafters are located inside the trunk, under the carpet, on the
sides near the wheel wells. Air flows from the cabin into the trunk
through parcel shelf openings (holes that facilitate airflow from
cabin to trunk), and then between the sheet metal and carpet to the
drafters.

Typically, they are effectively low-pressure check valves, de-
signed to allow airflow out of the vehicle when cabin pressure is
above the local exterior pressure and to prevent air infiltration when
the local exterior pressure is above that of the interior (i.e., when the
vehicle is using recirculated air as the air source). Relief vents
should be located where they will cause airflow inside the body to
cover all occupant locations inside the vehicle.

A small number of openings in the vehicle body are required for
wires, cables, and various attachment features; therefore, the body
relief vent does not typically need to be large enough to exhaust the
total airflow through the vehicle.

Heater Core. The heat transfer surface in an automotive heater
is generally either copper/brass cellular, aluminum tube and fin, or
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aluminum-brazed tube and center. Each of these designs is in pro-
duction in straight-through, U-flow, or W-flow configurations. The
basics of each of the designs are outlined as follows:

* The copper/brass cellular design is not used frequently in new
vehicles. It uses brass tube assemblies (0.15 to 0.4 mm wall thick-
ness) as the water course, and convoluted copper fins (0.08 to 0.2
mm thick) held together with a lead/tin solder. The tanks and con-
necting pipes are usually brass (0.66 to 0.86 mm wall thickness)
and are attached to the core by a lead/tin solder.

* The aluminum tube-and-fin design generally uses round copper
or aluminum tubes, mechanically joined to aluminum fins. U
tubes can take the place of a conventional return tank. The inlet/
outlet tank and connecting pipes are generally plastic and
attached to the core with a rubber gasket.

* The aluminum-brazed tube-and-center design uses flat alu-
minum tubes and convoluted fins or centers as the heat transfer
surface. Tanks are either plastic and clinched onto the core or alu-
minum and brazed to the core. Connecting pipes are constructed
of various materials and attached to the tanks various ways,
including brazing, clinching with an O ring, fastening with a
gasket, and so forth. Almost all original equipment manufacturers
(OEMs) currently use brazed-aluminum heater cores (Jokar et al.
2004).

Air-side design characteristics include pressure drop and heat
transfer. The pressure drop of the heater core is a function of the fin/
louver geometry, fin density, and tube density. Capacity is adjusted
by varying the face area of the core to increase or decrease the heat
transfer surface area, adding coolant-side turbulators, or varying air-
side surface geometry for turbulence.

Evaporator. Automotive evaporator materials and construction
include (1) copper or aluminum tube and fin; (2) brazed-aluminum
plate and fin, also known as a laminate evaporator; and (3) brazed
serpentine tube and fin. This section addresses the air-side design of
the evaporator. Air-side design parameters include air pressure
drop, capacity, and condensate control. Evaporators are typically
treated with hydrophilic coating that prevents build-up of water
within the evaporator fins and plates (Mathur 2016a, 2017b).

A laminate evaporator consists of a number of stamped plates
and louvered fins. The plates have clad material on both sides. The
plates and fins are stacked and then either vacuum-brazed or
controlled-atmospheric-brazed (CAB). The advantage of using
CAB is that it is a continuous process, whereas vacuum brazing is a
batch process. When brazed, the plate forms internal flow passages
for refrigerant. The plates have diagonal ribs (or multiple dimples)
to augment heat transfer and provide strength, and central
partitioning ribs that facilitate reversal of refrigerant flow. These
evaporators may have tanks on both ends or on one end only. For the
same airflow area, a single-tank evaporator has better performance
than a double-tank evaporator, because the available heat transfer
area is greater (i.e., the ratio of total heat exchange area to total
volume of the core is higher for evaporators with single tanks).
Laminate evaporators typically have four to six refrigerant passes.
Two-phase refrigerant enters the evaporator through the inlet pipe,
and vapor exits the evaporator through the outlet pipe. Two-phase
refrigerant enters the evaporator through the tank and moves
downward in multiflow channels (or plates) in pass 1 and then
flows upward in pass 2. The refrigerant reaches the tank section at
the top and then flows downward in pass 3, flows upward in pass
4, and exits the evaporator as vapor (Mathur 2000a, 2001, 2002,
2003).

Typically, an ACM is designed to provide the airflow required for
cooling for the vehicle. The combination of airflow, maximum
allowable current draw for the blower motor, size constraints on the
ACM, and ductwork act together to establish a required evaporator
air-side pressure-drop characteristic. The air-side pressure drop of
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the core is typically a function of fin spacing, louver design, core
depth, and face area. This characteristic varies with accumulation of
condensate on the core, so adequate leeway must be allowed to
achieve target airflow in humid conditions.

Conditions affecting evaporator capacity are different from those
in residential and commercial installations in that the average oper-
ating time, from a hot-soaked condition, is less than 20 min. Inlet air
temperature at the start of operation can be as high as 70°C, but
decreases as the vehicle duct system is ventilated. Capacity require-
ments under multiple conditions must be considered when sizing an
automotive evaporator, including steady-state operation at high or
low speeds, and a point in a cooldown after an initial vehicle hot
soak. Some of these requirements may also be set in recirculating
conditions where the temperature and humidity of inlet air decrease
as the car interior temperature decreases.

The evaporator load also has a slightly higher sensible heat por-
tion than indicated by ambient temperature. Heat gain from the
vehicle and temperature rise across the blower motor must be con-
sidered when sizing the evaporator.

During longer periods of operation, the system is expected to
cool the entire vehicle interior rather than just produce a flow of cool
air. During sustained operation, vehicle occupants want less air
noise and velocity, so the air quantity must be reduced; however,
sufficient capacity must be preserved to maintain satisfactory inte-
rior temperatures.

Condensate management is very important within a motor
vehicle. In the process of cooling and dehumidifying the air, the
evaporator extracts moisture from the air. It is imperative that lig-
uid condensate be prevented from entering the vehicle interior,
because this will damage the vehicle. This moisture should be car-
ried out of the vehicle and not allowed to collect inside the ACM
(Mathur 2000b). Many cars that have plugged condensate drain
holes have a distinct odor, which is given off by common organ-
isms (present almost everywhere) that grow in warm, moist envi-
ronments.

Condensate management includes the following design objec-
tives (Mathur 1999a):

* Ensure that moisture coming off the evaporator is in large enough

droplets that it is not carried by the airstream (a combination of

low velocity at the exit of the core and adequate ability of the core

to allow surface tension to gather the water)

Allow sufficient fin spacing for adequate condensate drainage

* Allow alarge enough sump so that all water coming off the core can

be collected for a short period of time when vehicle-maneuvering

forces push water away from the drain

Provide sufficient slope to the drain area so that water flows to the

drain rather than collecting in the case

» Have a sufficient cross section in the drain so that water does not
back up into the module, taking into account the fact that ACM
interior pressure is usually 250 to 500 Pa above the exterior
pressure

Vehicle attitude (slope of the road and inclines), acceleration,
and deceleration should also be considered, because these factors
can significantly affect the drain system. Drains can become
plugged not only by contaminants but also by road splash.

Location of HVAC Unit. The HVAC unit consists of the blower
intake unit, cooling unit, and a heater unit. The system also has
several ducts that feed air to different circuits. These units are
mounted inside the cockpit module (CPM). U.S.-made vehicles
use modular design, in which the blower, evaporator, and heater are
individual units. Integrated units (Figure 2) that combine all three
functions into one component have been developed, but their design
is complex.

Blower Motor and Fans. Airflow in an automobile must pro-
vide sufficient cooling air to passengers in both the front and rear



Automobiles

EVAPORATOR

ELECTRIC HEATER
(OPTIONAL)

HEATER CORE

Fig.2 Integrated HVAC Unit

seats. Designs for the blower motor and fan, which must fit in a rel-
atively small space, are frequently a compromise between packaging,
mass, airflow, and efficiency. Virtually all fans used in automotive
ACMs are centrifugal, with fan diameters from 140 to 200 mm.
Typical motor current draws vary from 14 to 25 A, depending on
factors affecting optimization of the particular application. Both
forward- and backward-inclined fan blades have been used.

Reducing the noise, vibration, and harshness (NVH) character-
istics of the interior has significantly improved comfort levels.
During integration of the blower motor and fan into the module, pay
careful attention to any type of vibrational excitation the fan may
impart to the ACM and other underdash components.

Electronic Blower Speed Control. Historically, the blower
motor speed control was simply a selector switch that selected either
from direct battery voltage at the blower motor or from one of two
or more resistors in series with the blower motor to reduce voltage.
In general, the lowest airflow selectable is usually driven by the
need to provide adequate air pressure to cool the blower motor.
Modern blower motor speed controls incorporate essentially infinite
speed control using devices such as pulse-width modulating
(PWM) controllers. The newer devices are usually found on
upscale vehicles using automatic climate control systems, which
reduce energy consumption and increase fuel efficiency. When
incorporating devices such as PWMs into a vehicle system, pay
careful attention to radio frequency interference because of the nec-
essary proximity of all the electronics in a vehicle.

Valves. The typical ACM has valves for the air inlet source, tem-
perature control (heater air bypass), and mode control. Some vehi-
cles also have a ram air door, used to reduce ram effect at high
speeds and provide consistent airflow. Door/valve designs are inte-
gral to the ACM design. Door types include flag style, rotary, guil-
lotine, slider, and film valves. The optimal door type is almost
always a function of the space in which a module must fit.

Actuators. Actuators on ACMs are usually cable, electric, and/
or vacuum. Cable-based actuation is usually the least expensive
and is most frequently found in entry-level vehicles. The valving
system must be designed to retain a position with minimal
restraining torque, have smooth operation with essentially constant
torque level, and have minimal torque required to move the valve(s).
There must be a suitable cable path from the HVAC controls to the
module. Cable actuation does not allow electronic control of the air-
conditioning system or an interlock to ensure outdoor air is selected
in defrost mode.

The norm for U.S. automobiles 20 years ago, vacuum actua-
tion, has been replaced by electronic actuators. Vacuum actuators
provide only three position controls per actuator and require a cross-
sectional area for the diaphragm proportional to the load on the
door. The vacuum source is the vehicle’s engine intake air manifold.
Although this provides powerful control at engine idle, a great deal
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of variation exists in the working pressure differential, and must be
taken into account in system design.

Electric actuators can control the ACM electronically and are
available in variety of shapes. The possibility of linear positions
allows for multiple modes, with one actuator on several doors, using
a cam system. They also isolate the operator from torque variations,
allowing the ACM to be optimized for other performance criteria.

Air Inlet. The air inlet interfaces the ACM with the vehicle body.
If not accomplished upstream, it is necessary for the air inlet to sep-
arate out water from rain, car washes, etc. It also provides the selec-
tion of either outdoor air or air recirculated from the passenger
compartment. On upscale performance vehicles, the ram air door is
also located here. A primary design criterion for the air inlet is to
provide proper flow patterns at the inlet of the blower motor. In
many applications this is compromised to fit the ACM into the
vehicle. The result is either turbulence or misdistribution of air into
the fan, causing noise and lower efficiency.

Mode Control. Air is usually distributed at the ACM by one or
more valves directing air to the desired vehicle outlets. This system
may provide several discrete modes or a continuous variation from
one mode to the next. ACM valving must be designed to work with
the distribution ductwork and provide the desired air distribution to
occupants.

Air Distribution. Air must be distributed in a way that mini-
mizes pressure loss, thermal lag, and heat gain. Ductwork is usually
designed around other underdash components, and frequently must
follow a difficult path. Air for all outlets starts at one basic plenum
pressure, and variations in pressure drop versus flow rate from side
to side in the vehicle must be minimized to provide even airflow to
both driver and passengers. Because of the instrument cluster in
front of the driver and devices such as airbags, ductwork is almost
never laterally symmetrical. Computational fluid dynamics is used
to ensure proper air distribution design.

Air Filter. Air filters are increasingly common, typically located
in either the air inlet plenum or the ACM. Filters may be particulate,
charcoal, or both; they require regular service to prevent clogging
and ensure proper system function. Removal of contaminants (e.g.,
pollen) may also be aided by condensate on evaporator surfaces.
The concentration of the volatile organic compounds (VOCs) from
the vehicle’s interior (plastic parts, carpet, adhesive, etc.) along with
tailpipe emissions (NO,, CO, hydrocarbons) from automobiles,
buses, and trucks can be reduced by using carbon filters. These fil-
ters should be replaced regularly, based on driving conditions,
because a dirty filter can be the largest source for polluting cabin air.

3. HEATING SUBSYSTEM

The primary heat source is the vehicle’s engine. Coolant from the
engine cooling system circulates through the heater core. Modern
efficiency and emissions improvements have led to many types of
supplemental heating, including fuel-fired heaters, refrigerant heat
pumps, electrical heaters, and heat storage systems.

The heater core must be designed to work within the design of
the engine cooling system. Engine coolant pressure at the heater
core inlet ranges up to 275 kPa (gage) in cars and 380 kPa (gage) in
trucks.

Modern antifreeze coolant solutions have specific heats from 2.7
to 4.2 kJ/(kg-K) and boiling points from 120 to 135°C (depending
on concentration) when a 103 kPa radiator pressure cap is used.

Controls

Engine coolant temperature is controlled by a thermostatically
operated valve that remains closed until coolant temperature
reaches 70 to 96°C. Coolant flow is a function of pressure differen-
tial and system restriction, but typically ranges from 0.04 L/s at idle
to 0.6 L/s at higher engine speed. Coolant temperature below 70°C



11.8

is not desirable, because it cannot meet occupants’ comfort require-
ments. The mechanical pump should be able to deliver sufficient
coolant flow, even at idle.

Components

The minimal components of the heating subsystem are the
coolant flow circuit (water pump) and temperature control, both
provided by the vehicle’s engine; the heater core (part of the ACM);
and coolant hoses.

4. REFRIGERATION SUBSYSTEM

Cooling is almost universally provided by a vapor cycle system.
The thermodynamics of a vapor cycle system are described in
Chapter 2 of the 2017 ASHRAE Handbook—Fundamentals. The
automotive system is unique in several ways.

Refrigeration capacity must be adequate to bring the vehicle inte-
rior to a comfortable temperature and humidity quickly and then
maintain it during all operating conditions and environments. A
design may be established by mathematical modeling or empirical
evaluation of known and predicted factors. A design trade-off in
capacity is sought relative to criteria for vehicle mass, component
size, and fuel economy. Automotive system components must meet
internal and external corrosion, pressure cycle, burst, and vibration
requirements.

Refrigerant-based system equipment is designed to meet the rec-
ommendations of SAE Standard J639, which includes several
requirements for refrigerant systems. To be compliant, a system
must have

* A high-pressure relief device

* Burst strength (of components subjected to high-side refrigerant
pressure) at least 2.5 times the venting pressure of the relief
device

* Electrical cutout of the clutch coil before pressure relief to prevent
unnecessary refrigerant discharge

» Low-pressure-side components with burst strengths in excess of
2070 kPa

The relief device should be located as close as possible to the dis-
charge gas side of the compressor, preferably in the compressor
itself.

Controls

Refrigerant Flow Control. Cycling-clutch designs are the most
common mechanisms for controlling refrigerant flow; schematics
for the two most common versions are shown in Figures 3 and 4.
The clutch is cycled by either a thermostat that senses evaporator
temperature or a pressure switch that senses evaporator pressure.
This thermostat or pressure switch serves two functions: it prevents
evaporator icing, and maintains a minimum refrigerant density at
the compressor’s inlet, preventing overheating. Discharge air tem-
perature is then increased, if necessary, by passing some (or all) of
the evaporator outlet air through the heater core.

The clutch-cycling switch disengages at about 172 kPa (gage)
and engages at about 310 kPa (gage). Thus, the evaporator defrosts
on each off-cycle. The flooded evaporator has enough thermal
inertia to prevent rapid clutch cycling. It is desirable to limit clutch
cycling to a maximum of six cycles per minute because a large
amount of heat is generated by the clutch at engagement. The pres-
sure switch can be used with a thermostatic expansion valve in a
dry evaporator if the pressure switch is damped to prevent rapid
cycling of the clutch.

Cycling the clutch sometimes causes noticeable surges as the
engine is loaded and unloaded by the compressor. This is more evi-
dent in cars with smaller engines. This system cools more quickly
and at lower cost than a continuously running system.
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For vehicles where clutch cycling is unwanted because of engine
surge, or for high-end vehicles where no perceptible temperature
swing is allowable, variable-displacement compressors are avail-
able, controlled either electronically or pneumatically.

In the pneumatically controlled compressor, a sensor (usually
located in the compressor body) varies the compressor displacement
so that a constant pressure is maintained at the compressor inlet.
This provides a nearly uniform evaporator temperature under varied
loading conditions. This type of system causes no perceptible
engine surge with air-conditioning system operation.

The electronically controlled variable-displacement com-
pressor opens up many possibilities for systems optimization. This
type of compressor allows reduced reheat control, and evaporator
temperature is maintained at such a level that comfort is achieved
with less fuel consumption. A wide range of control schemes using
electronically controlled variable-displacement compressors are
being developed.

Other Controls. A cycling switch may be included to start an
electric fan when insufficient ram air flows over the condenser.
Also, output from a pressure switch or transducer may be used to put
the ACM in recirculation mode, which reduces head pressure by
reducing the load on the evaporator. Other possibilities include a
charge loss/low-ambient switch, transducer evaporator pressure
control, and thermistor control.

Components

Compressor. Piston compressors dominate the automotive mar-
ket, although scroll and rotary vane types are also significant. For
detailed information on compressor design, see Chapter 38 of the
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2016 ASHRAE Handbook—HVAC Systems and Equipment. Figure
5 illustrates basic automotive compressor types. The typical auto-
motive compressor has the following characteristics:

* Displacement. Fixed-displacement compressors have displace-
ments of 0.1 to 0.2 L/rev. Variable-displacement piston compres-
sors typically have a minimum displacement of about 6% of their
maximum displacement. A typical variable-capacity scroll com-
pressor has a maximum displacement of 0.12 L/rev and a mini-
mum displacement of 10% of the maximum.

* Physical size. Fuel economy, lower hood lines, and more engine
accessories all decrease compressor installation space. These fea-
tures, along with the fact that smaller engines have less accessory
power available, promote the use of smaller compressors.

* Speed range. Most compressors are belt driven directly from the
engine; they must withstand speeds of over 130 rev/s and remain
smooth and quiet down to 8.3 rev/s. The drive ratio from the
vehicle engine to the compressor typically varies from 1:1 to 2:1.
In the absence of a variable drive ratio, the maximum compressor
speed may need to be higher to achieve sufficient pumping
capacity at idle.

* Torque requirements. Because torque pulsations cause or aggra-
vate vibration problems, it is best to minimize them. Minimizing
peak torque benefits the compressor drive and mount systems.
Multicylinder reciprocating and rotary compressors aid in
reducing vibration. An economical single-cylinder compressor
reduces cost; however, any design must reduce peak torques and
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belt loads, which are normally at a maximum in a single-cylinder
design.

» Compressor drives. A magnetic clutch, energized by power from
the vehicle engine electrical system, drives the compressor. The
clutch is always disengaged when air conditioning is not required.
The clutch can also be used to control evaporator temperature (see
the section on Controls).

* Variable-displacement compressors. Both axial and wobble-
plate variable-displacement compressors are available for automo-
bile air conditioning. The angle of the plate changes in response to
the suction and discharge pressure to achieve a constant suction
pressure just above freezing, regardless of load. A bellows valve or
electronic sensor-controlled valve routes internal gas flow to con-
trol the plate’s angle. A variable-displacement compressor reduces
compressor power consumption, improving fuel efficiency. These
compressors improve dehumidification and comfort, have low
noise and vibration, and have high reliability and efficiencies.

* Noise, vibration, and harshness (NVH). With decreasing mass
and increasing environmental quality in automobiles, compressor
design is increasingly driven by NVH concerns. Vibrational input
to the structure, suction and discharge line gas pulsations, and air-
borne noise must all be minimized. NVH minimization is now the
main impetus behind most continuous improvement efforts in the
automotive compressor industry.

* Mounting. Compressor mounts are an important part of a suc-
cessful integration of a compressor into a vehicle system. Proper
mounting of the compressor minimizes structural resonances and
improves the NVH characteristics of any compressor.

Compressor Oil Return. It is important that there are no areas
where the lubrication oil can accumulate (Mathur 2004a). At
part-load conditions, refrigerant velocities should be high enough to
ensure oil return to the compressor. The presence of oil in the system
affects heat exchanger performance (Mackenzie et al. 2004). Some
new compressors have a built-in oil separator.

Condenser. Automotive condensers are generally of the
following designs: (1) tube-and-fin with mechanically bonded fins;
(2) serpentine tube with brazed, multilouvered fins; or (3) header
extruded tube brazed to multilouvered fins, also known as parallel-
flow (PRF) condensers, which are primarily used in automotive ap-
plications (Figure 6). To prevent air bypass, condensers generally
cover the entire radiator surface. Aluminum is popular for its low
cost and mass.

Operation of Parallel-Flow Condenser. A PRF condenser con-
sists of flat tubes that have multiple flow channels. Refrigerant is
supplied directly to the tubes through the header. Louvered fins are
currently used in automotive heat exchangers. A typical refrigerant
tube has 2 mm thick wall with tube widths ranging from 18 to
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22 mm, with 6 to 12 flow channels; smaller tubes are also available.
Flat tubes have less projected frontal area to the airstream, which
results in lower air-side pressure drop. Performance of a parallel-
flow condenser is superior to that of a serpentine condenser (Mathur
1998), because the refrigerant is distributed in multiple tubes. For
the same reason, refrigerant pressure drop in a PRF condenser is
also much smaller.

Typically, in a PRF condenser, the first pass (see Figure 6B) has
the largest number of refrigerant tubes, with fewer tubes in each
successive pass. This is because the specific volume of superheated
vapor coming out from the compressor is very large, and the density
of refrigerant vapor is very small. This results in very high vapor
velocities (m = OAV) in the tubes. At this condition, the refrigerant
void fraction is unity, which results in a very high pressure drop.
Therefore, this high volumetric flow must be subdivided into a large
number of tubes to lower refrigerant velocities, and thus pressure
drop. At some point along the condenser, refrigerant vapor tempera-
ture equals saturated temperature, and wall temperature falls below
saturation temperature. At this time, condensation starts and the
average density of the two-phase refrigerant mixture starts to
increase. With the increase of the two-phase mixture density, the
average refrigerant velocities start to decrease. This affects the con-
densation heat transfer coefficient and frictional pressure drop.
When all vapors are condensed, the refrigerant flow becomes
single-phase liquid. At this condition, the refrigerant flow velocity
is lowest, which yields lower pressure drop. Thus, the last pass has
the fewest tubes.

Condenser Design. Condensers must be properly sized. An
undersized condenser results in high discharge pressures that reduce
compressor capacity, increase compressor power requirements, and
result in poorer discharge air temperatures. When the condenser is
in series with the radiator, the air restriction must be compatible
with the engine cooling fan and engine cooling requirements.
Generally, the most critical condition occurs at engine idle under
high-load conditions. An undersized condenser can raise head
pressures sufficiently to stall small-displacement engines.

An oversized condenser may produce condensing temperatures
significantly below the engine compartment temperature. This can
result in evaporation of refrigerant in the liquid line where the liquid
line passes through the engine compartment (the condenser is ahead
of the engine and the evaporator is behind it). Engine compartment
air has been heated not only by the condenser but also by the engine
and radiator. Typically, this establishes a minimum condensing tem-
perature between 5 and 17 K above ambient. Liquid flashing occurs
more often at reduced load, when the liquid-line velocity decreases,
allowing the liquid to be heated above saturation temperature before
reaching the expansion valve. This is more apparent on cycling sys-
tems than on systems that have a continuous liquid flow. Liquid
flashing is audibly detected as gas enters the expansion valve. This
problem can be reduced by adding a subcooler or additional fan
power to the condenser.

Internal pressure drop should be minimized to reduce
compressor power requirements. Condenser-to-radiator clear-
ances as low as 6 mm have been used, but 13 mm is preferable. Pri-
mary-to-secondary surface area ratios vary from 8:1 to 16:1.
Condensers are normally painted black so they are not visible
through the vehicle’s grille.

Placing the condenser ahead of the engine-cooling radiator not
only restricts air but also heats the air entering the radiator. Air con-
ditioning increases requirements on the engine-cooling system,
which requires an increase in radiator capacity, engine-cooling air-
flow, or both. Radiator capacity can be increased by adding fins,
depth, or face area or by raising pump speed to increase coolant flow.
Coolant velocity is not normally increased because it may cause
excessive tube erosion or cavitation at the coolant pump inlet. With
this configuration, engine-cooling airflow requirements increase;
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they are met by increasing fan size, number of blades, blade width, or
blade pitch; by adding a fan shroud; or by a combination of these
items. Increases in fan speed, diameter, and pitch raise the noise level
and power consumption. For engine-driven fans (primarily used on
trucks), temperature- and torque-sensitive drives (viscous drives or
couplings) or flexible-blade fans reduce the increases in noise that
come with the higher power. Virtually all automobiles rely on airflow
produced by the car’s forward motion to reduce the amount of air the
engine-cooling fan must move to maintain adequate coolant tem-
peratures. As vehicle speed increases, fan requirements drop, and
electric fans are de-energized or engine-driven fans are decoupled by
the action of the viscous drive.

Some vehicles have a side-by-side condenser and radiator, each
with its own motor-driven fan. This eliminates the effect of the con-
denser on the engine cooling air inlet temperature, but causes other
issues with fan control and potential engine bay recirculation when
one system is energized and the other is not.

Subcooled Condensers. There is a trend of using subcooled con-
densers to improve overall air-conditioning system performance.
Thermodynamically, by increasing subcooling at the end of the con-
denser (on a p-h diagram), the overall system performance is
increased (see Chapter 2 of the 2017 ASHRAE Handbook—Funda-
mentals) because the overall evaporator enthalpy difference (i.e., the
difference in enthalpies between evaporator outlet to inlet)
increases. Figure 7 shows a conventional PRF condenser in which
refrigerant flows out from the condenser to the receiver-drier. In the
subcooled PRF condenser, refrigerant from the second-last pass
flows to the receiver-drier and then back to the condenser in the last
path to subcool the refrigerant. In a subcooled PRF condenser, the
size of the receiver-drier can be reduced because the condenser has
more liquid refrigerant.

Hoses. Rubber hose assemblies are installed where flexible
refrigerant transmission connections are needed because of relative
motion between components (usually caused by engine rock) or
where stiffer connections cause installation difficulties and noise
transmission. Refrigerant permeation through the hose wall is a
design concern. Permeation occurs at a reasonably slow and predict-
able rate that increases as pressure and temperature increase. Hose
with a nylon core (barrier hose) is less flexible, has a smaller OD,
is generally cleaner, and allows practically no permeation. However,
because it is less flexible, it does not provide damping of gas pulsa-
tions as does other hose material. It is recommended for R-134a.

Reducing Noise and Vibration. Typically, refrigerant lines con-
nected to the compressor (both suction and discharge sides) require
hose that is a composite of rubber, nylon, and aluminum tube. This
is necessary to eliminate or reduce transmission of clutch engage-
ment noise to the cabin by metallic tubes. In some cases, mufflers
are also used to reduce noise and vibrations from refrigerant flow.

Suction and discharge hoses and high-pressure liquid lines have
connections for charging ports, sensor, and for service. Brackets and
clips are also attached to the hoses and refrigerant lines to position
and support the A/C lines.
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Expansion Devices. Virtually all modern automobiles use either
a thermostatic expansion valve (TXV) or an orifice tube (or both, for
dual-evaporator systems) as the expansion device (see Chapter 11 of
the 2018 ASHRAE Handbook—Refrigeration for more on these
devices). Schematics of systems that use these devices are provided
in the Controls section.

Automotive TXVs operate in the same manner as those for com-
mercial HVAC systems. Both liquid- and gas-charged power ele-
ments are common. Internally and externally equalized valves are
used as dictated by system design. Externally equalized valves are
necessary where high evaporator pressure drops exist. A bulbless
expansion valve, usually block-style, that senses evaporator outlet
pressure without the need for an external equalizer is now widely
used. TXV systems use a receiver-drier-filter assembly for
refrigerant and desiccant storage.

Because of their low cost and high reliability, orifice tubes have
become increasingly popular with automotive manufacturers. Devel-
oping an orifice tube system requires that components be matched to
obtain proper performance. The orifice tube is designed to operate at
90 to 95% quality at the evaporator outlet, which requires a suction-
line accumulator to protect the compressor from floodback and to
maintain oil circulation. Because the orifice tube does not fully use
the latent heat in the refrigerant systems, orifice-tube systems gener-
ally require higher refrigerant flow than TXV systems to achieve the
same performance. However, an orifice tube ensures that the com-
pressor receives a continuous flow of cool refrigerant from the accu-
mulator, offering benefits in compressor durability over a TXV
system. Orifice-tube systems use an accumulator-drier-filter for
refrigerant and desiccant storage.

Receiver-Drier-Filter Assembly. A receiver-driver is installed
in the A/C loop on the high-pressure side downstream of the con-
denser. Several types of desiccant are used, the most common of
which is spherical molecular sieves; silica gel is occasionally used.
The unit typically has desiccant either in a bag or cartridge, or
sandwiched between two plates. The receiver-drier (1) serves as a
reservoir for refrigerant from part- to full-load operating conditions,
(2) removes moisture from the system, (3) filters out debris headed
for the TXV, and (4) only allows liquid refrigerant to enter the TXV
(liquid is removed from the top of the unit, and comes from the
bottom via a tube connected to the top fitting).

The receiver-drier assembly accommodates charge fluctuations
from changes in system load. It accommodates an overcharge of
refrigerant to compensate for system leaks and hose permeation.
The assembly houses the high-side filter and desiccant. Mechanical
integrity (freedom from powdering) is important because of the
vibration to which the assembly is exposed. For this reason, molded
desiccants have not obtained wide acceptance. Moisture retention at
elevated temperatures is also important. Consider the rate of release
with temperature increase and the reaction while accumulating
high concentration. Design temperatures should be at least 60°C.

Receivers are usually (though not always) mounted on or near
the condenser. They should be located so that they are ventilated by
ambient air. Pressure drop should be minimal. Typically, a receiver-
drier has a pressure switch or a pressure transducer installed that
controls A/C system operation at high pressure.

Suction-Line Accumulators. A suction-line accumulator is re-
quired with an orifice tube to ensure uniform return of refrigerant
and oil to the compressor, to prevent slugging, and to cool the
compressor. It also stores excess refrigerant. A typical suction-line
accumulator is shown in Figure 8. A bleed hole at the bottom of the
standpipe meters oil and liquid refrigerant back to the compressor.
The filter and desiccant are contained in the accumulator because no
receiver-drier is used with this system.

Evaporator. The evaporator connects the air side of the air-
conditioning system to the refrigerant side. Design aspects for the air
side are discussed in the Air-Handling Subsystem section. The
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primary design consideration for the refrigerant side of the evapora-
tor is low pressure drop. Because the evaporator operates at satura-
tion, higher-pressure-drop evaporators cause nonuniform discharge
temperatures unless they are designed with careful attention to pass
arrangement. The space available in an automotive system does not
allow for distribution manifolds and capillary tube systems outside
of the evaporator envelope; this must be done within the evaporator
itself.

Automotive evaporators must also mask the variation in com-
pressor capacity that occurs with accelerating and decelerating. To
avoid undesirable temperature splits, sufficient liquid refrigerant
should be retained at the last pass to ensure continued cooling
during acceleration.

High refrigerant pressure loss in the evaporator requires exter-
nally equalized expansion valves. A bulbless expansion valve,
called a block valve, provides external pressure equalization with-
out the added expense of an external equalizer. The evaporator must
provide stable refrigerant flow under all operating conditions and
have sufficient capacity to ensure rapid cooldown of the vehicle
after it has been standing in the sun.

Auxiliary Evaporators. Many sport-utility vehicles, vans, and
limousines are equipped with auxiliary or secondary air-conditioning
modules located to cool rear-seat passengers. These system exten-
sions provide some unique challenges. Most of these systems oper-
ate only when there are passengers in the rear space. Consequently,
sometimes there is refrigerant flow through the primary ACM and
none through the secondary. Pay careful attention to refrigerant
plumbing to avoid refrigerant and oil traps in the suction line. The
auxiliary suction line must never allow liquid oil to run downbhill
from the front system when there is no flow to carry it back to the
accumulator-dehydrator. Designing highly efficient oil separators
into the line set results in frequent compressor failure.

Refrigerants and Lubricants. The 1997 Kyoto Protocol identi-
fied the almost universally used R-134a as a global warming gas,
sparking a search for alternatives among vehicle manufacturers and
their suppliers. To address the global warming concerns of R-134a,
some OEMs around the world have started using hydrofluoroolefin
(HFO-1234yf) as a replacement for HFC-134a. HFO-1234yf offers
a good combination of energy efficiency, safety, and ease of cus-
tomer conversion. It has a global warming potential (GWP) of less
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than 1, which is 99.9% lower than HFC-134a, and is even less than
CO, (GWP = 1). HFO-1234yf offers atmospheric lifetime and fuel
efficiency benefits as well. This refrigerant has excellent environ-
mental properties, low toxicity (similar to R-134a), and system per-
formance similar to that of R-134a. It is being considered as a drop-
in refrigerant for current mobile air-conditioning systems (MACS).
Testing shows that both polyalkylene glycol (PAG) and polylol
ester (POE) lubricants are compatible with HFO-1234yfin A/C sys-
tems with different types of compressors (Koban 2009; Spatz and
Minor 2008, 2009). HFO-1234yf is being used by many OEMs
globally, and as of December 2017, 45 million vehicles on the road
used this refrigerant (Honeywell 2018).

Figure 9 compares R-134a and HFO-1234yf A/C cycles on the
p-h diagram along with vapor density at suction temperatures (Spatz
and Minor 2008). For HFO-1234yf, the latent heat of vaporization is
lower and the vapor density at suction temperature is greater, com-
pared to an R-134a system. Thus, for the same cooling capacity, the
refrigerant mass flow rate for HFO-1234yf should be higher than in
an R-134a system. Figure 10 compares the vapor pressures of the
two fluids (Kontomaris and Leck 2009). Typical evaporating satura-
tion pressures for HFO-1234yf are higher than for R-134a; HFO-
1234yf pressure equals R-134a pressure at 37.8°C; and HFO-1234yf
pressure is lower than R-134a above 37.8°C. Hence, in comparison
to R-134a, a slightly higher evaporating pressure and slightly lower
condensing pressure for HFO-1234yf reduces the pressure ratio,
thereby improving system coefficient of performance (COP). Sev-
eral OEMs and suppliers (Bang 2008; Mathur 2010a, 2010b, 201 1a,
2011b, 2012, 2013, 2018a; Meyer 2008, 2009; Minor 2008) have
conducted independent tests with HFO-1234yf. SAE also conducted
tests with alternative refrigerants, including HFO-1234yf (Atkinson
2008), through cooperative research projects (Hill 2008).

European Regulation of Mobile Air Conditioning. The E.U. direc-
tive (Directive 2006/40/EC) scheduled phaseout of HFC-134a to
start on January 1, 2011, for all new or significantly redesigned mod-
els introduced that year. As of that date, retrofitting vehicles with
HFC-134a is not allowed. From January 1, 2017, no new vehicles
sold in the E.U. can use HFC-134a or any fluorinated gas with a glob-
al warming potential higher than 150; all models must be redesigned
by the 2017 deadline. Acceptable refrigerants (with a GWP < 150)
include HFC-152a, CO,, and HFO-1234yf. Refrigerant leakage rates
for single- and dual-evaporator A/C systems have been defined as
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less than 40 and 60 g, respectively. Using non-refillable containers is
no longer allowed. All fluorinated gases covered by the Kyoto pro-
tocol will be recovered.

Enhanced R-134a Systems. SAE initiated a program to improve
the performance of existing R-134a systems. The goals are to (1)
identify technologies to reduce mobile air-conditioning system
R-134a refrigerant leakage by 50%, (2) improve R-134a mobile
air-conditioning system COP by 30%, (3) reduce vehicle soak and
driving heat loads by 30% over current vehicles to reduce cooling
requirements, and (4) reduce refrigerant loss during service and at
end of life by 50%.

Suction Line Heat Exchanger. A/C system performance can be
improved by adding a suction line heat exchanger into the system.
This directly influences the thermal comfort for the occupant along
with fuel economy and exhaust emissions. A suction line heat ex-
changer in an A/C loop (1) increases system performance, (2) sub-
cools liquid refrigerant to prevent flash gas formation at inlets to the
expansion valve, and (3) fully evaporates any residual liquid that
may remain in the suction line before reaching the compressor.
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Performance of mobile air conditioning systems can be enhanced
from 6 to 12% (Kurata et al. 2007; Mathur 2009¢, 2011a).

Electric Vehicles and Heat Pump Systems. Due to stricter
environmental regulations and higher fuel economy standards from
the government, car manufacturers are investigating different
options for fuel economy. One of the options is electrification of the
propulsion system, resulting in significant gains in fuel economy
and a reduction of global warming gases. Currently, a majority of
car makers either already offer electric vehicles (e.g., Nissan Leaf,
GM Chevy Bolt, etc.) or have models in the process of design.

Customers expect the same level of comfort in EVs as they are
accustomed to in conventional vehicles. However, heating and/or
cooling has a big influence on vehicle energy efficiency. For con-
ventional vehicles, heating and cooling affects fuel economy, but
waste heat from the engine is available for heating the cabin. EVs do
not have this waste heat, so it is necessary to use electric positive
temperature coefficient (PTC) heaters. Using a heat pump system
along with a PTC heater consumes a significant amount of battery
power that could severely limit the driving range of the EV.

Typically, air-sourced heat pumps are used for the automotive
industry (Feng and Hrnjak 2016). Heat pump systems are used in
EVs to provide heating, cooling, and dehumidification. Electric
compressor and electronic thermostatic expansion valves (TXVs)
are used for the heat pump system to optimize for energy consump-
tion. Typical automotive heat pump systems are shown in Figures 11
and 12 (Denso 2018).

Heating Mode (Figure 11). The compressor compresses low-
temperature, low-pressure gas refrigerant into high-temperature,
high-pressure gas refrigerant. The latter warms the vehicle cabin by
releasing its heat to the cabin air as it passes through the internal
condenser, while being cooled and condensed into a liquid state.
The liquefied refrigerant expands across the air-heating expansion
valve into a low-temperature, low-pressure gas/liquid two-phase
refrigerant, extracts atmospheric thermal energy via the external
heat exchanger, and flows back into the compressor.

Cooling Mode (Figure 12). The compressor compresses low-
temperature, low-pressure gas refrigerant into high-temperature,
high-pressure gas refrigerant. The high-temperature, high-pressure
gas refrigerant passes through the internal condenser without heat
exchange (the air-mixing door blocks the flow of air into the internal

condenser) to the external heat exchanger where the refrigerant is
cooled by the ambient air and condensed into a liquid state. The lig-
uefied refrigerant expands across the air-cooling expansion valve
into a low-temperature, low-pressure gas/liquid two-phase
refrigerant, absorbs heat from the cabin air to cool the cabin as it
passes through the evaporator, and then flows back into the com-
pressor. Further details on the heat pump system and their opera-
tions are given in Chapter 49 of the 2016 ASHRAE Handbook—
HVAC Systems and Equipment.

Advanced Technologies

HVAC suppliers are aggressively working on advancements for
mobile HVAC to reduce energy consumption and improve thermal
comfort for occupants. For instance, researchers are investigating
using ventilated car seats to reduce air conditioning use and improve
fuel efficiency without compromising thermal comfort (Lustbader
2005). Some other important technologies are as follows.

Micro Climatic Zone for Heating and Cooling. In a conven-
tional vehicle, the entire cabin is conditioned to comfort conditions
based on the set point decided by the driver. Maintaining a certain
cabin temperature in winter or summer uses significant energy. Typ-
ically, for a midsized sedan, the total airflow through the HVAC unit
is 150 L/s for cooling and 100 L/s for heating. In the United States,
a vast majority of the vehicles are driven with only one occupant. In
a conventional vehicle, the entire cabin has to be conditioned, even
when only a single person is inside of the vehicle. Many companies
(OEMS and suppliers) have been developing new concepts for heat-
ing and cooling by creating “micro-zones” for cooling and heating.
The objective is to reduce energy consumption by providing thermal
comfort to occupants on an individualized basis. In this case, the
total airflow required per person to create microzones is about 7 L/
s per person. Therefore, for a vehicle with four occupants, the total
airflow will be 57 L/s, which is 38% of the total cabin airflow rate.
This approach is extremely useful for EVs, because the HVAC
energy consumption directly affects the vehicle’s driving range.
Ventilated seats are also used by some OEMs to create microzones
to provide quick thermal comfort to the occupants (Berry et al.
2017; Morishita et al. 2018).

Engine Start/Stop Feature for Energy Efficiency. In recent
years, start/stop systems have been widely adopted for various vehi-
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cles as a countermeasure to environmental problems caused by
automobiles and to improve fuel economy. Stoppage at a red light
can be 30 to 60 s; in some countries, the red light duration may be
longer. According to a recent survey (Autobeat 2018), 70% of the
vehicles produced in the United States will have this feature within
the next 5 years. On such vehicles, air conditioner compressors
driven by an engine stop when the vehicle stops at a traffic signal. As
a result, comfort of occupants deteriorates because of a rise in air
temperature from the A/C outlets (Uematsu et al. 2015). On the
other hand, if the engine is started at a traffic signal to improve occu-
pant comfort, the fuel economy deteriorates. To best support pas-
senger comfort while the engine is stopped, the HVAC system
should be able to continue providing thermal comfort. This can be
accomplished using the following systems:

 Secondary loop. A secondary loop cooling system incorporates
two different working fluids to provide cooling. In all systems, the
primary loop is a traditional direct-expansion design that uses a
phase-change refrigerant (e.g., R-134A) and a compressor to cir-
culate the refrigerant (Ghodbane 2000; Ghodbane et al. 2007;
Menken et al. 2016). Figures 3 and 4 are both schematics for tra-
ditional direct-expansion systems. A heat exchanger is used to
transfer energy from the primary loop to the secondary loop,
which is called a chiller (Figure 13). In most applications, the
working fluid in the secondary loop is a single-phase fluid that is
circulated by a pump to the cooling coil. This cooling coil is
placed in the HVAC unit. Note that, in a secondary system, the
heat exchanger in the HVAC is called a cooling coil (not an
evaporator), given this is a single-phase fluid circuit. Typically,
automotive coolant is used as the working fluid. The secondary
fluid absorbs energy as the hot air passes through the cooling coil.
Figure 13 is a schematic representation of this type of secondary
loop. The cooled fluid is circulated in the HVAC unit through a
coil that provides cold air to the cabin. The size of the chiller
depends on vehicle stoppage times.

» Evaporators with Phase-Change Materials (PCMs). Currently,
cool-storage evaporators are used on many vehicles to continue
providing thermal comfort to the occupants during stops at traffic
signals (LaClair et al. 2016; Sato et al. 2016). The cool-storage
evaporator prevents temperature increase both of air through
vents and of the cabin when the engine (and consequently the A/

Fig. 13 Automotive HVAC Unit with a Secondary Loop
(Ghodbane 2007)

C compressor) stops. In cool-storage evaporators, some of the
plates have phase-change material that stores the energy at cold
temperatures. During a vehicle stoppage, the evaporator contin-
ues to provide thermal energy from the phase-change material.
Figure 14 shows a cool storage evaporator (Morishita et al. 2018)
that has five plates containing the phase-change material. These
plates are stacked inside the evaporator so that the cold energy
stored in these five plates, along with the aluminum heat
exchanger, can be used to continue providing thermal comfort to
occupants while the engine is off. Evaporators with thermal
storage materials have been investigated for idle start/stop func-
tion (Automotive Engineering 2012). Many researchers have
been conducting research on improvement of heating in electric
vehicles using phase-change materials.

Brushless Motors. These motors are simpler than standard motors
and are more reliable. Advantages include the following: (1) motor
efficiency is higher, (2) commutation is accomplished electroni-
cally, (3) very high speeds and torque are possible without arcing,
(4) thermal resistance is lower and the operating temperature range
is thus wider, and (5) the absence of brushes reduces maintenance
requirements and eliminates brush residue contamination of bear-
ings or the environment. Because there is no brush arcing or com-
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Fig. 14 Energy Storage Evaporator
(Morishita et al. 2018)

mutation, brushless motors are much quieter, both electrically and
audibly.

Positive-Temperature-Coefficient (PTC) Heaters. PTC
heaters are small, ceramic-based heaters that use less energy and
less time to heat more quickly than conventional units. They self-
regulate at a preset temperature by regulating resistance to vary their
wattage. Thus, their greater thermal dissipation results in higher
efficiency. These systems are maintenance-free and very reliable.
PTC heaters could be used in the HVAC system to hasten cabin
heating during cold start-ups by providing heat to occupants until
the engine is warm (Hauck 2003).

Thermoelectric Devices. Thermoelectric devices (TEDs) are
used to help create microzones to provide thermal cabin comfort.
These devices work using the Peltier effect, wherein a voltage is
applied between two wire joints with dissimilar materials. These
devices are placed inside seats to provide quick thermal comfort to
occupants (Arsie et al. 2014).

Water-Cooled Condensers. Water-cooled condensers are
being investigated by OEMs and suppliers to reduce costs and space
required for rejecting engine heat (Mathur et al. 2012). The advan-
tage of this system is that a water-cooled condenser can be placed at
any location, rather than just the front of the vehicle. However, the
condenser head pressure increases due to high engine coolant tem-
peratures, and that has a negative impact on vent outlet temperatures.

Magnetic Cooling. Magnetic refrigeration is a promising al-
ternative cooling technology (Monfared et al. 2014; Yanik and Ce-
lik 2018). When a suitable magnetic material is exposed to a
changing magnetic field, it undergoes a temperature change
(magneto-calorific effect). When the material is magnetized (i.e.,
an increase in the magnetic field), its temperature increases. When
the material is demagnetized (i.e., decrease in the magnetic field),
its temperature decreases. The cooling intensity depends on the
magnetic material used. Magnetic refrigeration essentially works by
recapturing produced cooling energy via a heat transfer fluid, such
as water. Magnetic cooling is quieter, safer, more compact, higher
efficiency, and environmentally friendly (as no refrigerants are used
for cooling). In MACS applications, approximately 200 W (at a A¢
of 20 K; Torregrosa-Jaime et al. 2013) of cooling has been achieved
with the currently available magnetic materials. A lot of research
and development is being done in national laboratories, universities,
and suppliers (within the United States and around the world) to de-
velop new materials for magnets. The new material properties will
result in improvement of cooling and heating power densities with
relatively small magnets.

Smart Engine Cooling Systems with Electric Water Pumps
(EWPs). These cooling systems use both an electric and mechan-
ical water pump, or replace the mechanical water pump with a
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EWP (Wagner et al. 2003). Typically, an EWP system includes a
100 to 600 W electric pump, four-way water valve (Chanfreau and
Farkh 2003), sensor, engine control management system, soft-
ware, and a variable-speed radiator fan. At cold start-ups, allowing
little or no flow to the radiator hastens engine warm-up, thus
reducing emissions and improving fuel economy. Because the
water (or coolant) temperature is precisely maintained, thermal
stresses on the engine are less. Once the engine coolant is heated,
this system can provide thermal comfort, even at idle or with the
engine off, by pumping coolant through the heater core and run-
ning the blower.

42 V Systems. Energy requirements of modern vehicles have in-
creased significantly as the needs of motors, actuators, and other
electrical equipment have increased. Auto manufacturers are inves-
tigating using 42 V for high-load equipment (e.g., compressors,
blower, condenser fans, PTC heaters, controls), and reserving the ex-
isting 12 V grid for lighting and other smaller-load accessories. This
would improve air-conditioning system performance, because com-
pressor speed would be independent of engine speed. These systems
could be used for hybrid, electric, or fuel-cell vehicles.

Autonomous Vehicles. Autonomous vehicles (SAE Standard
J3016) are self-driving, driverless, or robotic vehicles. A number of
companies are working on such vehicles. Some of the proposed ar-
chitecture, such as the front two seats turning 180° to face the rear
occupants, is drastically different from traditional designs. These
vehicles will have significant computing power (equivalent to that
of about five to ten laptops) to process the data on a real-time basis.
Expectations are that people will spend more time in autonomous
vehicles, and that vehicle travel by nondrivers (e.g., older people
who cannot drive anymore) will increase. One prediction is that a
fleet of autonomous vehicles will be maintained by various compa-
nies and shared by the users, with reduced vehicle ownership. Ad-
vocates predict that by 2030 (Litman 2018), such vehicles will be
sufficiently convenient and affordable to displace most human-
operated vehicles, reduce driving stress, provide independent mo-
bility to nondrivers, and be a panacea for congestion, accident, and
pollution problems. The architecture of the HVAC system will be
very different for autonomous vehicles. Additional heat generated
by the computers will have to be removed by the HVAC system or
using an independent cooling system. There is a strong need to de-
velop extensive control strategies for heating, humidification, dehu-
midification, and cooling for these vehicles.
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CHAPTER 12

MASS TRANSIT

Ventilation and Thermal Comfort

Thermal Load Analysis

Fixed-Guideway Vehicle Air Conditioning

Bus Air COnditioning............c...ccceeeevevveveeeveeeeeeneannn.
Rail Car Air Conditioning.............c.coecveveeeeeerveereanne.

HIS chapter describes air-conditioning and heating systems for

buses, rail cars, and fixed-guideway vehicles that transport large
numbers of people, often in crowded conditions. Air-conditioning
systems for these vehicles generally use commercial components,
but are packaged specifically for each application, often integral
with the styling. Mass, envelope, power consumption, maintainabil-
ity, and reliability are important factors. Power sources may be elec-
trical (ac or dc), engine crankshaft, compressed air, or hydraulic.
These sources are often limited, variable, and interruptible. Charac-
teristics specific to each application are discussed in the following
sections. Design aspects common to all mass-transit HVAC systems
include passenger comfort (ventilation, thermal comfort, air quality,
expectation) and thermal load analysis (passenger dynamic meta-
bolic rate, solar loading, infiltration, multiple climates, vehicle
velocity, and, in urban applications, rapid interior load change).

1. VENTILATION AND THERMAL COMFORT

The requirements of ASHRAE Standards 55 and 62.1 apply for
transportation applications, with special considerations, because
passengers in transit have different perceptions and expectations
than typical building occupants. These considerations involve length
of occupancy, occupancy turnover, infiltration, outdoor air quality,
frequency and duration of door openings, personal preference, inte-
rior contamination sources such as smoking, and exterior contami-
nation sources such as engine exhaust.

Historically, in nonsmoking air-conditioning and heating applica-
tions, outdoor air has been supplied to the vehicle interior by fans at
2.5 to 5 L/s per passenger at a predetermined nominal passenger
loading. Nominal passenger load is based on the number of seats and
may include a number of standees, up to the maximum number of
standees possible if this type of loading is frequent. There are a few
examples of no outdoor air being supplied by fans, but they are on
short-duration trips such as people movers or urban buses with fre-
quent door openings. Besides providing for survival, ventilation pro-
vides odor and contamination control. The amount needed for
survival is less than the latter. Contamination control from interior
sources is a factor in building design, but is less of a factor in vehicle
design because of the ratio of people to furnishings and the lack of
interior processes such as copy machines. Exterior contamination,
such as from tunnel fumes, can be a problem, however. Door open-
ings, if frequent enough, provide some additional intermittent venti-
lation, although this infiltration should be minimized for thermal
comfort. Ventilation from doors may not be effective in controlling
odors away from the doors. Fan-supplied outdoor air must be distrib-
uted equally in the vehicle for effective ventilation. Symptoms of
inadequate ventilation are odors noticeable to passengers initially
entering an occupied vehicle or when moving from section to sec-
tion. Passengers on board who are exposed to slowly increasing odor
levels may not be aware of them.

The preparation of this chapter is assigned to TC 9.3, Transportation Air
Conditioning.
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Based on ASHRAE research, ASHRAE Standard 161 established
a ventilation rate for aircraft passengers at 3.5 L/s per passenger.
This rate was based in part on the consideration that not all spaces in
the enclosed area achieve 100% ventilation effectiveness. The min-
imum effective ventilation rate for several crowded but larger-
volume spaces, as defined in ASHRAE Standard 62.1, is 2.5 L/s per
person. It is recommended that ground mass transit applications use
3.5 L/s of outdoor air per passenger for most transit applications.

Emergency ventilation, such as windows or exits that can be
opened or battery-powered ventilators, should be provided in case
other systems fail. For example, a power interruption or a propulsion
system failure may strand passengers in a situation where exit is not
possible. Emergency situations include overtemperature, oxygen
depletion, smoke, or toxic fumes. Operator-controlled dampers are
now provided on some vehicles to close off fresh air when smoke or
toxic fumes are encountered in tunnels. The duration that the damp-
ers remain closed must be limited to avoid oxygen depletion, even
though the air-conditioning system remains in operation. Fresh-air
supply alone or battery-powered ventilators will not prevent over-
temperatures when a full passenger load is present and/or a solar
load exists in combination with high ambient temperature. Each
emergency situation requires an independent solution.

The nature of the transit service may be roughly categorized by
average journey time per passenger and interval between station
stops, and this service type affects the necessary interior conditions
in the vehicle. For example, a commuter rail or intercity bus passen-
ger may have a journey time of an hour or more, with few stops; pas-
sengers may remove heavy outer clothing before being seated. In
contrast, a subway or transit urban bus rider typically does not
remove heavy clothing during a 10 min ride. Clothing and the envi-
ronment from which passengers come, including how long they
were exposed to those conditions and what they were doing (e.g.,
waiting for the train outdoors in winter), are important factors in
transit comfort. At the opposite extreme, many subway stations are
not climate controlled, and often reach dry-bulb temperatures over
38°C in the summer. Thus, when boarding a climate-controlled vehi-
cle, these passengers immediately perceive a significant in-crease in
comfort. However, a passenger adjusts to a new environment in
about 10 to 20 min; after that, the traditional comfort indices begin
to apply, and the same interior conditions that were perceived as
comfortable may now be perceived as less than comfortable. Before
stabilization, a passenger may prefer higher-velocity air or cooler or
warmer temperatures, depending to some extent on clothing. At the
same time, other passengers may already have stabilized and have
completely different comfort control desires. Therefore, the transit
system designer is presented with a number of unusual requirements
in providing comfort for all.

Jones et al. (1994) evaluated the heat load imposed by people
under transient weather and activity conditions as opposed to tra-
ditional steady-state metabolic rates. An application program,
TRANMOD, was developed that allows a designer to predict the ther-
mal loads imposed by passengers (Jones and He 1993). Variables are
activity, clothing, wet- and dry-bulb temperatures, and precipitation.
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European Committee for Standardization (CEN) Standard EN
13129-1 provides guidance in the area of railroad passenger com-
fort. Although this standard does not apply to countries outside the
CEN, the information is valuable and may not be readily available
elsewhere.

2. THERMAL LOAD ANALYSIS

Cooling Design Considerations

Thermal load analysis for transit applications differs from station-
ary, building-based systems because vehicle orientation and occu-
pant density change regularly on street-level and subway vehicles
and, to a lesser degree, on commuter and long-distance transporta-
tion. Summer operation is particularly affected because cooling load
is affected more by solar and passenger heat gain than by outdoor air
conditions. ASHRAE Standard 55 design parameters for occupant
comfort may not always apply. Vehicle construction does not allow
the low thermal conductivity levels of buildings, and fenestration
material must have safety features not necessary in other applica-
tions. For these reasons, thermal loads must be calculated differently.
Because main-line passenger rail cars and buses must operate in var-
ious parts of the country, the air conditioning must be designed to
handle the national seasonal extreme design days. Commuter and
local transit vehicles operate in a small geographical area, so only
local design ambient conditions need be considered.

The following cooling load components should be considered:

* Ambient air conditions for locations in North America and world-
wide are given in Chapter 14 of the 2017 ASHRAE Handbook—
Fundamentals. For vehicles operating in an urban area, the heat
island effect should be considered if the Handbook design values
are derived from remote reporting stations. For subway car oper-
ation, tunnel temperatures should be considered. In humid
regions, consider the wet-bulb temperature coincident with dry-
bulb temperature relative to fresh-air loads.

For vehicle interior comfort conditions, consult Figure 5 in Chap-
ter 9 of the 2017 ASHRAE Handbook—Fundamentals. Total heat
gain from passengers depends on passenger activity before board-
ing the vehicle, waiting time, journey time, and whether they are
standing or seated during the journey. Representative values are
given in Table 1 in Chapter 18 of the 2017 ASHRAE Handbook—
Fundamentals.

* Ventilation air loads should be calculated using the method in
Chapter 18 of the 2017 ASHRAE Handbook—Fundamentals, in
the section on Infiltration and Moisture Migration Heat Gains. Air
leakage and air entering during door dwell time should be taken
into account.

Interior heat includes that produced by the evaporator fan motor,
indoor lighting, and electrical controls.

* The vehicle’s conductivity, in W/K, should be provided by the
vehicle designers. For outdoor skin temperature guidance, use the
values in Table 1 in Chapter 29 of the 1997 ASHRAE Handbook—
Fundamentals; however, consider that air over a vehicle in motion
reduces these temperatures The car design dry bulb should be
used as the interior temperature.

The instantaneous solar gain through the glazing should be calcu-
lated using summer midafternoon data listed in Chapter 29 of the
1997 ASHRAE Handbook—Fundamentals, and the glass shading
coefficient. The glass shading coefficient must be obtained from
the window supplier. Adjustments for frequent change in vehicle
direction or intermittent solar exposure may be justified. Addi-
tional information is shown in Chapter 15 of the 2017 ASHRAE
Handbook—Fundamentals

The summer cooling analysis should be completed for different
times of the day and different passenger densities to verify a reliable
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result. Cooling equipment capacity should consider fouling and
eventual deterioration of heat transfer surfaces.

Heating Design Considerations

Winter outdoor design conditions can be taken from Chapter 14
of the 2017 ASHRAE Handbook—Fundamentals. Interior tempera-
tures can be taken from Figure 5 in Chapter 9 of the 2017 ASHRAE
Handbook—Fundamentals. During winter, conductivity is the major
heat loss. The heat required to temper ventilation air and to counter-
act infiltration through the body and during door openings must also
be considered.

Other Considerations

Harsh environments and the incursion of dirt and dust inhibit the
efficiency of HVAC units. Specifications should include precise
maintenance instructions to avoid capacity loss and compromised
passenger comfort.

3. BUS AIR CONDITIONING

In general, bus air-conditioning systems can be classified as inter-
urban, urban, or small/shuttle bus systems. Bus air-conditioning
design differs from other air-conditioning applications because of
climatic conditions in which the bus operates, equipment size limita-
tions, vehicle engine, electrical generator, and compressor rev/s. Pro-
viding a comfortable climate inside a bus passenger compartment is
challenging because the occupancy rate per unit of surface and air
recirculation volume is high, glazed area is very large, and outdoor
conditions are highly variable. Factors such as high ambient tem-
peratures, dust, rain, snow, road shocks, hail, and sleet should be con-
sidered in the design. Units should operate satisfactorily in ambient
conditions from —30 to 50°C.

Ambient air quality must also be considered. Air intakes are
usually subjected to thermal contamination from road surfaces, con-
denser air recirculation, or vehicle engine radiator air discharge.
Vehicle motion also introduces pressure variables that affect con-
denser fan performance. In addition, engine speed governs com-
pressor speed, which affects compressor capacity. R-134a is the
current refrigerant of choice, but some units operate with refriger-
ants such as R-22 (pre-2010 production) and R-407C.

Bus air conditioners are initially performance-tested as units in a
climate-controlled test cell. Performance tests encompass unit oper-
ation at different compressor speeds to make sure the compressor per-
formance parameters [e.g., unit operation at maximum and minimum
ambient conditions, thermostatic expansion valve (TXV) sizing, oil
return, and vibration/shock] are within boundaries. In addition, indi-
vidual components should be qualified before use. Larger test cells
that can hold a bus are commonly used to verify installed unit perfor-
mance. These tests are to measure the amount of time required to
reduce the vehicle’s interior temperature to a specified value, and
they vary in performance and time requirements. Some commonly
accepted tests include the Houston pulldown (extreme heat or perfor-
mance when using higher-pressure refrigerant gas such as R-407C),
modified pulldown (mild to hot climates with R-134a or equivalent),
white book pulldown (mild to hot climates), and the profile test (mild
to hot climates, 35 and 46.1°C ambient). All these tests are described
in American Public Transportation Association (APTA) standard bus
procurement and recommended practices for transit bus HVAC sys-
tem instrumentation and performance testing.

Reliability and ease of maintenance are also important design
considerations. All parts requiring service or regular maintenance
should be readily accessible, and repairs should be achievable without
removing any additional components and within a minimum time.

Heat Load

The main parameters that must be considered in bus air-
conditioning system design include
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* Occupancy data (number of passengers, distance traveled, dis-
tance traveled between stops, typical permanence time)

» Dimensions and optical properties of glass

* Outdoor weather conditions (temperature, relative humidity, solar
radiation)

» Dimensions and thermal properties of materials in bus body

* Indoor design conditions (temperature, humidity, air velocity)

* Power and torque limitations of bus engine

The heating or cooling load in a passenger bus may be estimated by
summing the heat flux from the following loads:

* Solid walls (side panels, roof, floor)

* Glass (side, front, and rear windows)

» Passengers

» Engine and ventilation (difference in enthalpy between outdoor
and indoor air)

* Evaporator fan motor

Extreme loads for both summer and winter should be calculated.
The cooling load is the most difficult load to handle; the heating
load is normally handled by heat recovered from the engine, exter-
nal heater, or electrical heat elements. An exception is that an idling
engine provides marginal heat in very cold climates. Andre et al.
(1994) and Jones and He (1993) describe computational models for
calculating the heat load in vehicles, as well as for simulating the
thermal behavior of the passenger compartment.

The following conditions can be assumed for calculating the
summer heat load in an interurban vehicle similar to that shown in
Figure 1:
 Capacity of 50 passengers
* Insulation thickness of 25 to 40 mm
* Double-pane tinted windows
* Outdoor air intake of 190 L/s
* Road speed of 100 km/h
* Indoor design temperatures of 16 to 27°C and 50% rh
* Ambient temperatures for location as listed in Chapter 14 of the
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Loads from 12 to 35 kW are calculated, depending on outdoor
weather conditions and geographic location. The typical distribu-
tion of the different heat loads during a summer day at 40 north
latitude is shown in Figure 2.

Fig.1 Distribution of Heat Load (Summer)
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Air Distribution

Air-conditioning units are configured to deliver air through ducts
to outlets above the windows and to the middle aisle or to act as free-
blow units. In the case of free-blow units, louvers guide the air dis-
tribution inside the bus.

Interurban Buses

These buses are designed to accommodate up to 56 passengers.
The air-conditioning system is usually designed to handle extreme
conditions. Interurban buses produced in North America are likely
to have the evaporator and heater located under the passenger com-
partment floor. A four- or six-cylinder reciprocating compressor, in
which some cylinders are equipped with unloaders, is popular. Some
interurban buses have a separate engine-driven compressor, prefer-
ably scroll, to give more constant system performance. Figure 3
shows a typical air-conditioning arrangement for an interurban bus.

Urban Buses

Urban bus heating and cooling loads are greater than those of the
interurban bus. A city bus may seat up to 50 passengers and carry a
“crush load” of standing passengers. The fresh-air load is greater
because of the number of door openings and the infiltration around
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doors. Cooling capacity required for a typical 50-seat urban bus is
from 20 to 35 kW. The buses are usually equipped with a roof- or
rear-mounted unit, as shown in Figure 4. One or two compressors are
usually belt- or shaft-driven from the propulsion engine. Capacity
control is very important, because the compressor may turn more
quickly than necessary at high engine speeds. Therefore, capacity
control must compensate for not only the thermal load but also the
engine-induced load. Cylinder unloaders are the primary means of
capacity control, although evaporator pressure regulators have been
used with non-unloading compressors, as shown in Figure 4. This
configuration was used on buses produced between 1975 and 1995.

The heater is located just downstream of the evaporator. Hot
coolant from the engine-cooling system provides sufficient heat for
most operations; however, additional sources may be required in
colder climates for longer idling durations. Additional floor heaters
may also be required to reduce the effects of stratification. Condi-
tioned air is delivered through overhead combination light fixture/
diffuser ducts (see Figure 5).

Low-profile, self-contained, rooftop-mounted units are used for
urban and interurban buses. These units contain the entire air-
conditioning system except for the compressor, which is shaft- or
belt-driven from the bus engine (see Figure 6).

Because of increased air pollution and other environmental issues
(e.g., noise, fuel consumption, unnecessary engine wear), using tra-
ditional engine-driven compressors for interurban, urban, or school
bus or motor home air comfort systems is a great disadvantage,
especially for parked vehicles. In response to these issues, most
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modern and efficient buses use unitized electric packaged air-
conditioning (UEPAC) units, as shown in Figures 7 and 8. UEPACs
have a self-contained, lightweight, integrated, modular design in-
corporating evaporators, condensers, valves, liquid receiver, filter-
drier, electric heater elements, automatic climate controls, and scroll
compressors. Electric power is supplied to the UEPAC system from
onboard sources for hybrid electric and fuel-cell buses, or by a
main-engine-driven generator on more traditional fuel or hybrid
applications without an accessory power option. These systems
enable use of shore (wayside) power while parked, eliminating
idling where power is available.

Small or Shuttle Buses

For small or shuttle buses such as those typically operating
around airports or for schools, the evaporator is usually mounted in
the rear and the condenser on the side or the roof of the bus. The
evaporator unit is typically a free-blow unit.

Refrigerant Piping

See Chapters 1 and 8 of the 2018 ASHRAE Handbook—Refrig-
eration for standard refrigerant piping practices. All components in
the bus air-conditioning system are interconnected by copper tubing

Fig. 6 Typical Mounting Location of Roof-Mounted Urban
Bus Air-Conditioning Equipment with Single Compressor

Fig. 7 Typical Mounting Location of Urban Bus
Fully Electric Rear-Mounted Air-Conditioning
Equipment with ac Generator
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Fig. 8 Typical Mounting Location of Urban Bus
Fully Electric Roof-Mounted Air Conditioning
Equipment with ac Generator

or refrigerant hose. When using copper tubing, care should be taken
to analyze the effect of vibration on the tubing. Vibrational effects
can be minimized by using vibration absorbers or other shock-cush-
ioning devices. When using refrigerant hose, properties such as
moisture ingression, effusion, maximum operating temperature,
and burst pressure need to be taken into account. The refrigerant
hose chosen should have the minimum amount of wax extractables
on interaction with oil and the refrigerant.

Shock and Vibration

Most transport air-conditioning manufacturers design compo-
nents for shock loading and vibrational inputs. Vibration elimina-
tors, flexible lines, and other shock-cushioning devices interconnect
the various air-conditioning components. The vibration characteris-
tics of each component are different; in addition, the evaporator and
the condenser must undergo individual vibration and shake tests.
The input levels for the shake test can be based on the worst road
conditions that the bus will encounter. This input level will vary
because of the mass of the unit and its mounting.

System Safety

Per the U.S. Department of Transportation, all buses with air-
conditioning systems operating in North America should conform
to Federal Motor Vehicle Safety Standard (FMVSS) 302 for flam-
mability standards. In addition, all evaporator units inside the vehi-
cle should be mounted away from the head impact zone, as specified
by FMVSS 222.

Controls

Most buses have a simple driver control to select air condition-
ing, heating, or automatic operation (air conditioning, heating, and
reheat). In both modes, a thermal sensing element controls these
systems with on/off circuitry and actuators. Many systems use
solid-state control modules to interpret the bus interior and outdoor
ambient temperatures and to generate signals to operate full or par-
tial cooling, reheat, or heating functions. These systems use therm-
istor temperature sensors, which are usually more stable and
reliable than electromechanical controls. Control systems for urban
buses can also include an outdoor-air ventilation cycle. The percent-
age of fresh-air intake during the ventilation cycle can vary based on
individual requirements.
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4. RAIL CAR AIR CONDITIONING

Passenger rail car air-conditioning systems are generally electro-
mechanical, direct-expansion units. R-22, a hydrochlorofluorocar-
bon (HCFC), has been the refrigerant most commonly used since
the phase-out for R-12. R-134a, a medium-pressure refrigerant, has
been used as a retrofit refrigerant in North America on systems orig-
inally designed to operate with R-12, and is commonly used in
Europe for new equipment, mainly variable-speed screw compres-
sors that are competitive in mass to R-22 reciprocating compressors.
Most equipment placed in service before the January 1, 2010, ban
on manufacturing new R-22 equipment has used R-407C as the
refrigerant. R-410A has been used in some equipment; however, it
can only be used in relatively mild climates because the condensing
temperatures found in transit applications may approach the refrig-
erant’s critical point. In 2009, the U.S. Environmental Protection
Agency (EPA) added R-438A to its significant new alternatives pol-
icy (SNAP) list of approved refrigerants for motor vehicle air con-
ditioning use.

Electronic, automatic controls are common, with a trend toward
microprocessor control with increasing capability for fault monitor-
ing and logging. Electric heating elements in the air-conditioning
unit or supply duct temper outdoor air brought in for ventilation and
are also used to control humidity by reheating the conditioned sup-
ply air during cooling partial-load conditions.

Air-cycle technology has been tested for passenger rail car air
conditioning in Germany (Giles et al. 1997); however, issues of
greater mass, higher cost, and low efficiency need to be addressed
before it is widely accepted.

Vehicle Types

Main-line intercity passenger rail service generally operates
single and multilevel cars hauled by a locomotive. Locomotive-
driven alternators or solid-state inverters distribute power via an
intercar cable power bus to air-conditioning equipment in each car.
A typical rail car has a control package and two air-conditioning
systems. The units are usually either split, with the compressor/
condenser units located in the car undercarriage area and the
evaporator-blower portion mounted in the ceiling area, or self-
contained packages mounted in interior equipment rooms. Under-
floor and roof-mounted package units are less common in intercity
cars.

Commuter cars used to provide passenger service from the sub-
urbs into and around large cities are similar in size to main-line cars.
Air-conditioning equipment generally consists of two evaporator-
heater fan units mounted above the ceiling with a common or two
separate underfloor-mounted compressor-condenser unit(s) and a
control package, or self-contained packaged units mounted on the
roof. These cars may be locomotive hauled, with air-conditioning
arrangements similar to main-line intercity cars, but they are often
self propelled by high-voltage direct-current (dc) or alternating-
current (ac) power supplied from an overhead catenary or from a dc-
supplied third-rail system. On such cars, the air conditioning may
operate on ac or dc power. Self-propelled diesel-driven vehicles that
use onboard-generated power for the air-conditioning systems still
operate in a few areas.

Subway and elevated rapid-transit cars usually operate on a
third-rail dc power supply. In the past, the air-conditioning system
motors were commonly powered directly from the third-rail dc sup-
ply voltage. Most new equipment operates from three-phase ac
power provided by a solid-state inverter. The inverter may be either
an independent system or a component of the HVAC system. Split
air-conditioning systems are common, with evaporators in the inte-
rior ceiling area and underfloor-mounted condensing sections,
although unitary package units mounted on the roof or under the
floor are increasingly common.
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Fig. 9 Typical Light Rail Vehicle with Roof-Mounted
HVAC System

Streetcars and light-rail vehicles usually run on ac or dc power
transmitted via an overhead catenary wire, and have air-conditioning
equipment similar to rapid-transit cars. Roof-mounted packages are
used more often than undercar or split systems. This is largely
because of the lack of undercar space. Figure 9 shows a typical con-
figuration for these vehicles.

Equipment Design Considerations

Design considerations unique to transit HVAC equipment
include the characteristics of the available power supply, mass lim-
its, type of vehicle, and vehicle service parameters. Thus, ac-pow-
ered, semihermetic or hermetic compressors, which are lighter than
open machines with dc motor drives, are a common choice. How-
ever, each car design must be examined in this respect because dc/
ac inverters may increase not only the total mass, but also the total
power draw, because of conversion losses.

Other concerns in equipment selection include the space re-
quired, location, accessibility, reliability, and maintainability. Inte-
rior and exterior equipment noise levels must be considered both
during the early stages of design and later, when the equipment is
coordinated with the car builder’s ductwork and grilles.

Compressors. Reciprocating and vane compressors are com-
monly used, although scroll compressors are becoming increasingly
common. The scroll compressor is inherently more tolerant of
flooded starts and liquid slugging common in the rail application
than any other type of positive-displacement compressor. The low
clearance volume of the scroll compressor allows it to operate at high
discharge pressure more effectively than reciprocating compressors.
Lower mass and less vibration and noise are benefits, as well.

Power Supply Characteristics. Vehicles that draw their power
from a stationary supply, such as a third rail or overhead catenary
wire, are subject to frequent power interruptions as the train passes
through gaps in the third rail or phase breaks in the overhead. These
interruptions cause the HVAC equipment to shut down inde-
pendently of the control system, and the design must take into
account these losses of power and the subsequent need to restart the
equipment. Vehicles that generate electrical power from an onboard
source are less affected by power interruptions, although their capac-
ity is limited. In either case, HVAC system control design must be
coordinated with the vehicle’s power supply and distribution system
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to avoid overloading vehicle systems during both steady-state and
start-up (in-rush current) conditions. Additionally, it is desirable to
prevent the vehicle’s power supply from intentionally removing
power from the HVAC equipment without an orderly shutdown
sequence (including a pump-down cycle, if necessary).

Configuration and Space Constraints. Space underneath and
inside a rail car is at a premium. Components are usually built to fit
the configuration of the available space. Overall car height, roof
profile, ceiling cavity, and wayside clearance restrictions often
determine the shape and size of equipment.

Special Environmental Considerations. Dirt and corrosion
constitute an important design factor, especially if the equipment is
beneath the car floor, where it is subject to extremes of weather and
severe dirt conditions. For this reason, corrosion-resistant materials
and coatings must be selected. Aluminum has not proved durable in
exterior exposed applications; the sandblasting effect tends to
degrade any surface treatment on it. Because dirt pickup cannot be
avoided, the equipment must be designed for quick and easy clean-
ing; access doors should be provided, and evaporator and condenser
fin spacing is usually limited to 2.5 to 3.2 mm. Closer spacing
causes more rapid dirt build-up and higher cleaning costs. Dirt and
severe environmental conditions must also be considered in select-
ing motors and controls.

Maintenance Provisions. Railroad HVAC equipment is sub-
jected to mechanical shock and vibration during operation, is fre-
quently required to operate under conditions of elevated condensing
temperature and pressure, and is subjected to frequent on/off
cycling because of power supply interruptions and other conditions
that are not typical for a stationary application. As a consequence,
the rail HVAC system’s components are more highly stressed than
equivalent components in a stationary system, and thus require
more frequent maintenance and servicing. Because a passenger rail
car with sealed windows and a well-insulated structure becomes
almost unusable if the air conditioning fails, high reliability is
important. Equipment design needs to consider the ease of routine
service and time needed to diagnose and repair the system. The con-
trol equipment thus often incorporates monitoring and diagnostic
capabilities to allow quick diagnosis and correction of a failure.
However, many trains are designed with several individual vehicles
permanently coupled together, in which case the failure of a single
HVAC unit causes multiple cars to become unavailable for service
while the HVAC system is diagnosed and repaired. The time to
diagnose and repair a system varies. Railroads, by their nature, are
schedule driven, and varying, unknown repair time is incompatible
with the need to provide scheduled service. Therefore, many users
are moving away from fully on-car-serviceable air conditioners and
toward modular, self-contained units with hermetically sealed re-
frigerant systems. These units are designed for rapid removal and
replacement to allow the vehicle to return to service in a short, pre-
dictable time. The faulty HVAC equipment is diagnosed and re-
paired off-car in a dedicated air-conditioning service area.

Safety. Security of the air-conditioning equipment attachment to
the vehicle must be considered, especially on equipment located
beneath the car. Vibration isolators and supports should be designed
to safely retain the equipment on the vehicle, even if the vibration
isolators or fasteners fail completely. A piece of equipment that dan-
gles or drops off could cause a train derailment. All belt drives and
other rotating equipment must be safety guarded. High-voltage con-
trols and equipment must be labeled by approved warning signs.
Pressure vessels and coils must meet ASME test specifications for
protection of passengers and maintenance personnel. Materials
selection criteria include low flammability, low toxicity, and low
smoke emission.

Special Design Considerations. The design, location, and in-
stallation of air-cooled condenser sections must allow for the possi-
bility of hot condenser discharge air recirculation into the condenser
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inlet (in the case of split systems), or into the outdoor air intakes (in
the case of roof-mounted unitary systems), as well as hot condenser
discharge from trains on adjacent tracks that may occur at passenger
loading platforms or in tunnels. To prevent a total system shutdown
because of high discharge pressure, a capacity reduction control de-
vice is typically used to reduce the cooling capacity before system
pressure reaches the high-pressure safety switch setting, thus tem-
porarily reducing discharge pressure.

Even with coordination between the HVAC controls and the
vehicle’s power supply or distribution system, abrupt shutdown of
the refrigeration system caused by power loss is common. The typ-
ical split-system arrangement places the compressor at or near the
low point in the system. The combination of these factors results in
undesired migration of refrigerant to the compressor during the off’
cycle. To reduce the likelihood of flooded compressor starts, using
a suction line accumulator and crankcase heater is recommended.

Other Requirements

Most cars are equipped with both overhead and floor heat, typi-
cally provided by electric resistance elements. The control design
commonly uses overhead heat to raise the temperature of the recir-
culated and ventilation air mixture to slightly above the car design
temperature, while floor heat offsets heat loss through the car body.
This arrangement is intended to limit stratification in the passenger
compartment by promoting buoyant, convective air circulation.
Times of maximum occupancy, outdoor ambient, and solar gain
must be ascertained. The peak cooling load on urban transit cars
usually coincides with the evening rush hour, and the peak load on
intercity rail cars occurs in the midafternoon.

Heating capacity for the car depends on body construction, car
size, and the design area-averaged relative wind-vehicle velocity. In
some instances, minimum car warm-up time may be the governing
factor. On long-distance trains, the toilets, galley, and lounges often
have exhaust fans. Ventilation airflow must exceed forced exhaust
air rates sufficiently to maintain positive car pressure. Ventilation air
pressurizes the car and reduces infiltration.

Air Distribution and Ventilation

The most common air distribution system is a centerline supply
duct running the length of the car between the ceiling and the roof.
Air outlets are usually ceiling-mounted linear slot air diffusers. Lou-
vered or egg crate recirculation grilles are positioned in the ceiling
beneath the evaporator units. The main supply duct must be insu-
lated from the ceiling cavity to prevent thermal gain/loss and con-
densation. Taking ventilation air from both sides of the roof line
helps overcome the effect of wind. Adequate snow and rain louvers
and, in some cases, internal baffles, must be installed on the outdoor
air intakes. Separate outdoor air filters are usually combined with
either a return or mixed-air filter. Disposable media or permanent,
cleanable air filters are used and are usually serviced every month.
Some long-haul cars, such as sleeper cars, require a network of
delivered-air and return ducts. Duct design should consider noise
and static pressure losses.

Piping Design

Standard refrigerant piping practice is followed. Pipe joints
should be accessible for inspection and, on split systems, not con-
cealed in car walls. Evacuation, leak testing, and dehydration must
be completed successfully after installation and before charging.
Piping should be supported adequately and installed without traps
that could retard the flow of lubricant back to the compressor. Pipe
sizing and arrangement should be in accordance with Chapter 1 of
the 2018 ASHRAE Handbook—Refrigeration. Evacuation, dehydra-
tion, and charging should be performed as described in Chapter 8 of
that volume. Piping on packaged units should also conform to these
recommendations.
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Control Requirements

Rail HVAC control systems typically automatically transition
between cooling and heating operation, based on interior and exte-
rior dry-bulb temperature. The cooling and heating set points are
generally different. This difference provides a control dead band to
prevent the system from cycling directly between cooling and heat-
ing, and accommodates passengers’ seasonal clothing. System
capacity is matched to part-load conditions with some combination
of evaporator coil staging, evaporator fan speed control, compres-
sor cylinder unloading, or variable-speed compressor control in
cooling mode, and staging or duty cycling of heat in heating mode.
The control system typically does not consider latent heat informa-
tion in the control algorithm, although reheat is commonly used to
increase the apparent interior sensible load as the interior dry-bulb
temperature falls below the desired cooling set point, to maintain
humidity removal. Unitary systems may use hot-gas bypass for this
purpose rather than electric reheat. If the interior dry-bulb tempera-
ture falls below the desired cooling set point, even with capacity
reduction and reheat, the refrigeration system will shut down and
the HVAC system will provide ventilation only. If the interior tem-
perature drops to the heating set point, the system transitions to
heating mode. Before the development of analog electronic or
microprocessor control systems, this dry-bulb based control algo-
rithm was implemented by banks of thermostats. This arrangement
resulted in multiple, load-dependent interior set points as the sys-
tem established quasi-equilibrium conditions within the dead band
of each individual thermostat. When analog electronic controls
were introduced in the early 1980s, they emulated this thermostat-
based control algorithm, which is still often followed today in
North America. Recently, several European and Asian HVAC man-
ufacturers have introduced proportional-integral-derivative (PID)
control systems, common in those markets for several years, to the
North American market. Higher energy costs and greater environ-
mental concern in Europe and Asia have led some manufacturers to
include energy conservation algorithms in controls intended for use
in those markets.

The availability of robust, low-cost humidity sensors may lead to
the use of latent heat information in control algorithms.

A pumpdown cycle and low-ambient lockout are recommended
on split systems to protect the compressor from damage caused by
liquid flooding the compressor and subsequent flooded starts. In
addition, the compressor may be fitted with a crankcase heater that
is energized during the compressor off cycle.

5. FIXED-GUIDEWAY VEHICLE AIR
CONDITIONING

Fixed-guideway (FGW) systems, commonly called people mov-
ers, can be monorails or rubber-tired cars running on an elevated or
grade-level guideway, as seen at airports and in urban areas. The
guideway directs and steers the vehicle and provides electrical
power to operate the car’s traction motors (in some cases, the vehi-
cle is propelled by a metal cable, driven by a motor mounted at the
end of the guideway), lighting, electronics, air conditioner, and
heater. People movers are usually unstaffed and computer-con-
trolled from a central point. Operations control determines vehicle
speed, headway, and the length of time doors stay open, based on
telemetry from individual cars or trains. Therefore, reliable and
effective environmental control is essential.

People movers are usually smaller than most other mass-transit
vehicles, generally having spaces for 8 to 40 seated passengers and
generous floor space for standing passengers. Under some condi-
tions of passenger loading, a 12 m car can accommodate 100 pas-
sengers. The wide range of passenger loading and solar exposure
make it essential that the car’s air conditioner be especially respon-
sive to the amount of cooling required at a given moment.
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System Types
The HVAC for a people mover is usually one of three types:

» Conventional undercar condensing unit and compressor unit
(which includes control box) connected with refrigerant piping to
an evaporator/blower unit mounted above the car ceiling

» Packaged, roof-mounted unit having all components in one en-
closure and mated to an air distribution system built into the car
ceiling

 Packaged, undercar-mounted unit mated to supply and return air
ducts built into the car body

Some vehicles are equipped with two systems, one at each end;
each system provides one-half of the maximum cooling requirement.
U.S. systems usually operate on the guideway’s power supply of 460
to 600 V (ac), 60 Hz. Some newer systems with dc track power oper-
ate on 240 V (ac), 60 Hz from an inverter. Figures 10 and 11 show
some arrangements used with fixed-guideway people mover vehi-
cles, although similar arrangements could also apply to rail.

Refrigeration Components

Because commercial electrical power is available, standard
semihermetic reciprocating compressors and commercially avail-
able fan motors and other components can be used. Compressors

Fig. 10 Typical Small Fixed-Guideway Vehicle with
Roof-Mounted HVAC System
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generally have one or two stages of unloaders, and/or hot-gas
bypass is used to maintain cooling at low loads. Newer systems use
scroll compressors with speed control, displacement control, or
hot-gas bypass to control capacity. Condenser and evaporator coils
are copper tube with copper or aluminum fins. Generally, flat fins
are preferred for undercar condensers to make it simpler to clean
the coils. Evaporator/blower sections must often be designed for the
specific vehicle and fitted to its ceiling contours. Condensing units
must also be arranged to fit in the limited space available and still
ensure good airflow across the condenser coil. Because of the
phaseout of R-22, R-407C is commonly used to meet environmental
standards (zero ozone depletion potential). Some existing R-22 sys-
tems are being retrofitted with R-407C and R-422D.

Heating

Where heating must be provided, electric resistance heaters that
operate on the guideway power supply are installed at the evaporator
unit discharge. One or two stages of heat control are used, depend-
ing on the size of the heaters.

Controls

A solid-state control is usually used to maintain interior condi-
tions, although newer systems use programmable logic controller
(PLC) microprocessor-based controllers. The cooling set point is
typically between 23 and 24°C. For heating, the set point is 15.6 to
20°C. Some controls provide humidity control by using electric
heat. Between the cooling and heating set points, blowers continue
to operate on a ventilation cycle. On rare occasions, two-speed
blower motors are used, switching to low speed for the heating
cycle. Some controls have internal diagnostic capability and can
signal the operations center when a cooling or heating malfunction
occurs.

Ventilation

With overhead air-handling equipment, outdoor air is introduced
into the return airstream at the evaporator entrance. Outdoor air is
usually taken from a grilled or louvered opening in the end or side
of the car. Depending on the configuration of components, fresh air
is filtered separately or directed so that the return air filter can han-
dle both airstreams. For undercar systems, a similar procedure is
used, except air is introduced into the system through an intake in
the undercar enclosure. In some cases, a separate fan is used to
induce outdoor air into the system.

The amount of mechanical outdoor air ventilation is usually
expressed as litres per second per passenger on a full-load continu-
ous basis. Passenger loading is not continuous at full load in this
application, with the net result that more outdoor air is provided

Fig. 11 Example Monorail HVAC System Configurations
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than indicated. The passengers may load and unload in groups,
which causes additional air exchange with the outdoors. Frequent
door openings, sometimes on both sides at once, allows additional
natural ventilation. The effective outdoor air ventilation per passen-
ger is a summation of all these factors. The amount of outdoor air
introduced through the HVAC system varies. Some new vehicles
have no mechanical outdoor air supply, whereas others provide up
to 4.25 L/s per passenger. Lower values of mechanical ventilation,
typically 1.4 to 2.4 L/s or less per passenger, are associated with
travel times of less than 2 min and large passenger turnover. Longer
rides justify higher rates of mechanical ventilation.

Green initiatives have caused designers to take a closer look at all
aspects of energy savings. Some systems are now designed with
variable outdoor air rates, which are automatically lowered under
low passenger load conditions or extreme temperature loads. This
approach yields lower system cooling capacities and saves energy.

Air Distribution

With overhead equipment, air is distributed through linear ceil-
ing diffusers that are often constructed as a part of the overhead
lighting fixtures. Undercar equipment usually makes use of the void
spaces in the sidewalls and below fixed seating. In all cases, the
spaces used for air supply must be adequately insulated to prevent
condensation on surfaces and, in the case of voids below seating, to
avoid cold seating surfaces. The supply air discharge from undercar
systems can be from overhead diffusers through sidewall duct or a
windowsill diffuser. Recirculation air from overhead equipment
flows through ceiling-mounted grilles. For undercar systems, return
air grilles are usually found in the door wells or beneath seats.

Because of the vehicle’s typical small size and low ceilings, care
must be taken to design the air supply so that it does not blow directly
on passengers’ heads or shoulders. Because high flow rates are nec-
essary to achieve capacities, diffuser design and placement are
important. Some systems are designed so the air supply discharge
hugs the vehicle’s ceiling and walls to avoid drafts on passengers.
Total air quantity and discharge temperature must be carefully cal-
culated to provide passenger comfort. Interior noise levels are typi-
cally 72 to 74 dBA for a stationary vehicle with doors shut.
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NVIRONMENTAL control system (ECS) is a generic term 55
used in the aircraft industry for the systems and equipment asso- 50 -
ciated with ventilation, heating, cooling, humidity/contamination 45 > <
control, and pressurization in the occupied compartments, cargo 40 S
compartments, and electronic equipment bays. The term ECS often 35 >
encompasses other functions such as windshield defog, airfoil anti- 30 N MAXIMUM
ice, oxygen systems, and other pneumatic demands. The regulatory 95 S\ HOT DAY
or design requirements of these related functions are not covered in 20 HOT DAY NS
this chapter. 15 oS
~
1. DESIGN CONDITIONS oo N
Design conditions for aircraft applications differ in several ways ,%_: z | {SNTTA%I%'\AARTEI)ONAL \
from other HVAC applications. Commercial transport aircraft often % 5 ATMOSPHERE (ISA) N
operate in a physical environment that is otherwise not survivable for g - A,
humans. In flight, the ambient air may be extremely cold and dry, mo o
and can contain high levels of ozone. On the ground, the ambient air % 15
may be hot, humid, and contain many pollutants such as particulate 2 —20
matter, aerosols, and hydrocarbons. These conditions change = P R N
quickly from. ground operatipns to flight. A hot-day, high—humidi.ty —30 ,'COLD Ly Ny
ground condition usually dictates the thermal capacity of the air- —35 i N§
conditioning equipment, and flight conditions determine the supply —40 K N
air compressor’s capacity. Maximum heating requirements can be de- —45 1 Sy
termined by either cold-day ground or flight operations. -50 = S
In addition to essential safety requirements, the ECS should pro- -55 <
vide a comfortable cabin environment for the passengers and crew. 60 T
This presents a unique challenge because of the high-density seating -85
of the passengers. Furthermore, aircraft systems must be low in 70
mass, accessible for quick inspection and servicing, highly reliable, ~1500 0 1500 3000 4500 600G 7500 9000
able to withstand aircraft vibratory and maneuver loads, and able to ALTITUDE, m
compensate for various possible system failures.
Ambient Temperature, Humidity, and Pressure Fig.1 Ambient Temperature Profiles

Figure 1 shows typical design ambient temperature profiles for
hot, standard, and cold days. The ambient temperatures used for the
design of a particular aircraft may be higher or lower than those
shown in Figure 1, depending on the regions in which the aircraft is 20

to be operated. The design ambient moisture content at various alti- 18 \ ]
tudes as recommended for commercial aircraft is shown in Figure 2. = - \ .
However, operation at moisture levels exceeding 30 g/kg of dry air is 2 ]
possible in some regions. The variation in ambient pressure with alti- 2
tude is shown in Flgure .3..Refer to thc_a psychrometrlc chart for higher R
altitudes for cabin humidity calculations. Figure 4 shows a psychro- o - -
metric chart for 2440 m altitude. P or ]
. . ce . s o 8
Heating/Air Conditioning Load Determination 2 - .
. . . . 6
The cooling and heating loads for a particular aircraft model are g - -
determined by a heat transfer study of the several elements that com- s 4r g ]
prise the air-conditioning load. Heat transfer involves the following 2 o
factors: o ]
» Convection between the boundary layer and the outer aircraft skin 0 2 4 6 8 10 12
ALTITUDE, km
The preparation of this chapter is assigned to TC 9.3, Transportation Air . . . .
Conditioning. Fig.2 Design Humidity Ratio
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AMBIENT PRESSURE, kPa
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Radiation between the outer aircraft skin and the external envi-

I I I
100 N MAXIMUM PRESSURE ‘\ ronment
SCHEDULE 59 kPa * Solar radiation through windows, on the fuselage, and reflected
i \ [ DIFFERENTIAL | from the ground.
ogfg;%ﬁ\]fe » Conduction through cabin walls and the aircraft structure
20 RANGE \ » Convection between the interior cabin surface and the cabin air
\\ » Convection and radiation between the cabin and occupants
~_ » Convection and radiation from internal sources of heat (e.g., elec-
MINIMUM PRESSURE SCHEDULE trical equipment)
« Latent heat from vapor cycle systems
60 N
Ambient Air Temperature in Flight
- - During flight, very cold ambient air adjacent to the outer surface
\ of the aircraft increases in temperature through ram effects, and may
0 be calculated from the following equations:
Tyw=T,+r(T;—T.,)
B AMBIENT Af\ | AW r
PRESSURE i1
-1,2
\ T, =T, (1 5y )
20 \\ 2
\ or
k-1, 2
0 TAW=TOQ(1+V—2 M
0 2 4 6 8 10 12 14 16
AIRPLANE PRESSURE ALTITUDE, km F=Prl3
Fig. 3 Cabin Pressure Versus Altitude where
Pr = Prandtl number for air (e.g., Pr=0.73 at 240 K
T., = ambient static temperature, K
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Tr = ambient total temperature, K
k = ratio of specific heat; for air, k= 1.4
M = airplane Mach number
r = recovery factor for turbulent boundary layer (i.e., fraction of total
temperature recovered in boundary layer as air molecules rest on
the surface)
T w = recovery temperature (or adiabatic wall temperature), K

Example 1. The International Civil Aviation Organization (ICAO) cold
day at 9144 to 12 192 m altitude has a static temperature of —65°C
(208 K) and a Prandtl number of 0.739. If an airplane is traveling at
0.8 Mach, what would the external temperature be at the airplane’s skin?

Solution: Iteration is usually required. First guess for » » 0.9:

Pr=10.728 at 0.9(240 — 208) + 208 = 236.8 K
r=Pr=(0.728)13 = 0.8996

r, - 1.(1 +%M2) - 208(1+

1'42‘1[0.8]2) = 235K

T,y = T.+r(Tp—T.) = 208+ 0.8996(235 —208)
2323 K (=41°C)

Air Speed and Mach Number

The airplane airspeed is related to the airplane Mach number by
the local speed of sound:

u,=M [kRT_

where

k = ratio of specific heats; 1.4 for air
R = gas constant; 287 m?/(s2-K)
M = airplane Mach number
u,, = airplane airspeed, m/s

Ambient Pressure in Flight

The static pressure over most of the fuselage (the structure
around the cabin) is essentially equal to the ambient pressure at the
appropriate altitude.

1 2
Ps = Pinf+ szpoouoo

where
P, = pressure surrounding the fuselage, N/m?
C, = pressure coefficient, dimensionless; approximately zero for
passenger section of fuselage
p.. = free-stream or ambient air density, kg/m3

External Heat Transfer Coefficient in Flight

The fact that the fuselage is essentially at free-stream static pres-
sure implies that a flat-plate analogy can be used to determine the
external heat transfer coefficient at any point on the fuselage:

2584 -2/3
h = pwcpqu.185(log10Rex) Pr

(note: 10’ <Re, < 10%)

pwuwx

n

Re. =

X

Py Cps M, Pr

TywtT,
evaluated at T* = +022(T p—T.)

oo
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q=hAT-T,y)

where
h = external heat transfer coefficient, W/(m2-K)
Re, = local Reynolds number, dimensionless
x = distance along the fuselage from nose to point of interest,
m

¢, = constant-pressure specific heat; for air, J/(kg-K)
p,, = ambient air (weight) density at film temperature 7*, kg/m3
u = absolute viscosity of air at 7*; 3.673 x 10-9(T*)32 [408.2/( T* +
120)] kg/(m-s)(mPa - s)
A = outside surface area, m?
T = outer skin temperature, K
g = convective heat loss from outer skin, W

u,, = airplane airspeed, m/s

External Heat Transfer Coefficient on Ground

The dominant means of convective heat transfer depends on
wind speed, fuselage temperature, and other factors. The (free con-
vection) heat transfer coefficient for a large, horizontal cylinder in
still air is entirely buoyancy-driven and is represented as follows:

3
G EBAD

2
v

for 109 < GrPr< 1012

W 0.13k(GrPr)'"?
free — T

where
g = gravitational acceleration, 9.8 m/s?
k = thermal conductivity of air, W/(m-K)
v = kinematic viscosity, m%/s
d = fuselage diameter, m
hyee = free-convection heat transfer coefficient, W/ (m2-K)
B = expansion coefficient of air = 1/, where Ty= (T, + 1..)/2, K
AT = Tsk[n -TI,
Tyin = skin temperature, K
T,, = ambient temperature, K
Gr = Grashof number

Pr = Prandtl number

A relatively light breeze introduces a significant amount of heat
loss from the same horizontal cylinder. The forced-convection heat
transfer coefficient for a cylinder may be extrapolated from the fol-
lowing:

vd

Re= —
v

for 4 x 10* <Re <4 x 105
1/3
0805,

L 0.0266k(Re)
‘forced — d

where V'is wind speed in m/s, and v is evaluated at Ty = (T, + T..)/2.

Example 2. One approximation of the fuselage is a cylinder in cross-flow.
The fuselage is 3.7 m in diameter and 37 m long, in a 4.3 m/s crosswind
and a film temperature of 319 K. The surface temperature varies with
the paint color and the degree of solar heating. For instance, a typical
white paint could be 17 K higher than the ambient air temperature, so
the heat transfer from the fuselage would be

Free convection:

_gBADE _ 9.3(0.00313)(17)(3.7)°

2 52
v (1.77x107)

for 109 < GrPr< 1012,

Gr =8.43 x 1010
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1/3 10 173
B _ 0.13k(GrPr) _0.13(0.028)[8.43 x 10 "(0.704)]
‘free d - 37
= 3.84 W/(m?-K)
Forced convection:
Re= V4 = 430 _yo i
Vo 1.77x10

for 4 x 10* < Re < 4 x 105, Note that, although this Reynolds number is
beyond the recommended range, the extrapolation has about a 10%
error (underprediction) when compared to other more complicated
methods.

Comparison of heat transfer coefficients shows that, in this situ-
ation, heat transfer is dominated by forced convection, so the free-
convection aspect can be ignored.

External Radiation

The section of airplane fuselage that surrounds the cabin radiates
primarily to the sky. At sea level, the sky temperature is about 17 K
cooler than the surrounding air temperature (depending on humidity
and other factors). As the airplane climbs, there is a decreasing
amount of air above to radiate to, so the difference between air tem-
perature and sky temperature increases. For example, at a cruising
altitude of 9000 to 11 000 m, the sky temperature is about 56 K
cooler than the air temperature (free-stream static). The limiting
condition, of course, is outer space, where the sky temperature is the
cosmic background radiation (CBR). The sky temperature in this
case is only about 3 K. The heat loss to the sky by radiation is

4 4
R = Ao(e) (T =T}y,

where
qr = radiation heat loss from outer skin, W
A = outside surface area, m?
T = outer skin temperature, K
0 = Stephan-Boltzmann constant, 5.67 x 108 W/(m2-K%)
€ = emissivity of surface, paint, etc.

Ty, = sky temperature, K

sky

Solar radiation on the ground is covered in detail elsewhere (e.g.,
Chapter 36); however, during cruising, the incident solar radiation
should be adjusted for altitude. The column of air between the sun
and the airplane varies with time of day (angle) and altitude. Stan-
dard sea-level solar flux, for a given latitude and time of day, can be
adjusted for altitude using Beer’s law:

Igy = Iem
I, = Ienamm
G =1/lg

g, = A(C)I

where
I = solar radiation to a surface at sea level after accounting for
latitude and time of day, W/m?
= solar constant, 1355 W/m?
= normal solar flux at altitude, W/m?
I = normal solar flux at sea level, W/m?
C,, = correction factor for altitude
n = turbidity factor: 2.0 for clear air, 4 to 5 for smog
m = relative thickness of air mass, P, /Pg; = (altitude pressure)/(sea
level barometric pressure)
a,,, = molecular scattering coefficient = 0.128-0.054 log;y(m)
o = solar absorptivity of surface, window, paint, etc.
A = outside surface area, m?
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Fig. 5 Example of Aircraft Insulation Arrangement

Conduction

The conductive path from the air in the cabin to the surrounding
environment is generally described as several heat transfer elements
in series and in parallel with each other. The structure is typically
quite conductive (e.g., aluminum), and must be insulated to avoid a
direct heat path from inside to outside. The structure typically has
an outer skin supported by circumferential and longitudinal ribs.
The members require a structurally efficient attachment, which
often is also thermally efficient, so that the entire structure is
essentially at the same temperature. As a result, the effective “fin”
area may be much larger than the simple outside surface area of the
fuselage. Figure 5 shows an example of an aircraft insulation
arrangement.

For occupant comfort, the cabin wall temperature should not be
drastically different from the air temperature within the cabin, be-
cause the passengers frequently are in contact with this and other in-
terior surfaces. The insulation accommodates this requirement as well
as noise reduction, which on occasion is the dominant requirement.

Stack Pressure across Cabin Wall

The cold outer skin during flight generates buoyancy-driven flow
between the cabin and the cavity formed by the cabin wall and the
outer skin. Because this cavity is normally filled with insulation
blankets, it may be relatively porous to airflow. The outer skin is fre-
quently below the cabin dew point (and below freezing), so water
condenses on the structure and ice may build up with time. The
amount of flow in and out of the cavity depends on the leakage area
of the cabin wall. Leakage commonly occurs through panel joints
and gaps surrounding penetrations, as well as around doors, where
additional structure and mechanisms may provide addition thermal
conductivity and air passages to the outer skin. A certain amount of
flow in and out of the cavity is unavoidable because of normal pres-
surization and depressurization of the cabin during descent and
climb. The driving pressure, or stack pressure, is simply the density
difference between the connected volumes:

AP - (pcavifyl _pcavityZ)gh

stack —
1 1 ]
Popinl 77— =7 |&¥
Cabm[Tcavityl Tcav[[yz

R

where
y = cavity height, m
T = temperature, K



Aircraft

p = air density, kg/m3

g = gravitational constant =9.8 m/s2

R = gas constant, 287 m%/(s2-K)
AP = stack pressure, Pa

P = absolute cabin pressure, N/m?2

cabin
Metabolic Heat from Occupants

A thorough treatment of metabolic heat from humans is covered
in Chapter 9 of the 2017 ASHRAE Handbook—Fundamentals. Be-
cause an airplane cabin is frequently at higher altitudes, the balance
between sensible and latent heat changes slightly from that given in
that chapter. To correct for altitude, the following approach is rec-
ommended. First, examining the heat transfer coefficient:

For low air velocity (¥ < 0.2 m/s), flow is dominated by natural
convection:

m

AT)d P
——C(GP) =d p_§E(__272__f _>ho<p2m
w

For a cylindrical approximation of an adult at rest, Gr = 107, so
C=0.59 and m = 1/4, which leads to

Pair 20174 Palt 03
Patr = hSL[pSJ - h[ﬁ“]

For higher air velocity (0.2 < V' <4 m/s), flow is dominated by
forced convection:

1/3 vd

5 —hop”

h = SC(Re)”Pr

For a cylindrical approximation of an adult at rest, Re > 4000, so
C=0.193 and n = 0.618, which leads to

0.618 0.618
Pair _ Palt
—_ = hg| 5—
PSL

ho, =
alt SL
Pst

These two correction factors have been combined (see Equation
[37] in Chapter 9 of the 2017 ASHRAE Handbook—Fundamentals)
to produce a simpler relationship that applies to the full velocity
range (0 < V' <4 m/s):

Next, examining the evaporation or mass transfer from the occu-
pants, the evaporative heat transfer coefficient varies inversely with
the ambient pressure (see Equation [38] in Chapter 9 of the 2017
ASHRAE Handbook—Fundamentals):

he = (LR)(h)

0.55
h LR | el d by, = oSt
alt ~ 1St and gy = 75—
e,alt alt PSL LRSL
0.55
h P
e,SL alt
he,alt alth

SLITR Il P
LRSL PSL
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Substitute
2/3
Dv
Rairhfg E
LR, = —
“ Paltcp,airRW
azlhfg[ ]
LRg =
PSLCp aerW
0.45
h ~h PSL
ealt™ "e,SL I—J-a_/—t
where

LR = Lewis relation, °C/Pa
h = heat transfer coefficient, W/(m2-K)
hg; = heat transfer coefficient at sea level, W/(m?-K)
h, = evaporative heat transfer coefficient, W/(m?-Pa)
h, 4 = evaporative heat transfer coefficient at altitude, W/(m?-Pa)
h, s, = evaporative heat transfer coefficient at sea level, W/(m?-Pa)
P, = cabin pressure at altitude, N/m?
= pressure at sea level; 2116 N/m?
R, = gas constant for air; 286.5 m2/(s2-K)
hy, = evaporation enthalpy at human skin temperature, 2.41 x 10 J/kg
, = mass diffusivity of water vapor in air; 2.55 x 1075 m?/s
o = diffusivity; 2.16 x 105 m¥/s
Cpair = specific heat of air; 1005 J/(kg-K)
R,, = gas constant for water vapor; approximately 461 m?/(s?-K)

e

~
@
|

-
Il

About 70% of the metabolic heat is lost through convection/
radiation (72 W sensible or 29 W convection, # = 0.55, plus 43 W
radiation, %, = 0.83) and 30% through evaporation (31 W latent)
while seated at rest at sea level (see Table 1). At 2440 m cabin alti-
tude, in still air, the sensible heat would drop to (2.67/3.12)29 =25
W convection, the radiation would remain at 43 W, and the latent
heat would rise to (732/642)31 = 35 W for a total of 103 W. This
would indicate a slightly higher temperature for comfort, or a net
effect of a slightly cooler sensation at altitude, compared to the
102.6 W total required.

Internal Heat Sources

When considering heat sources in the cabin, there are several
parallels to commercial and residential HVAC. Many heat sources
such as appliances (refrigerators, conventional ovens, microwave
ovens), lighting, and entertainment (TV, stereo), may be in the
cabin. In addition, the electronics and equipment associated with the

Table 1 Heat and Mass Transfer Coefficients for
Human Body Versus Altitude

Convection A, Evaporation 4,,

Altitude, Pressure, Wi(m?-K) W/(m?-Pa)

m kPa V<02 02<V<4 V<02 02<V<4

0 10.33 3.12 0.06106 642 125106
305 9.97 3.07 0.06010-6 653 12.71 0.6
610 9.61 3.01 0.05906 664 12.97 06
915 9.26 2.95 0.057y 0-6 676 13.17 06
1220 8.93 2.90 0.056¥ 0-6 687 13.47 06
1525 8.60 2.84 0.055p0:6 698 13.61 06
1830 8.28 2.78 0.054 0.6 710 13.8 06
2135 7.97 2.73 0.053y 06 721 14.01 06
2440 7.68 2.67 0.052 0.6 732 143y 06
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operation of a commercial aircraft put demands on the airplane’s
environmental control system.

Cooling Requirements. The sizing criteria for air conditioning
are usually ground operation on a hot, humid day with the aircraft
fully loaded and the doors closed. A second consideration is cool-
down of an empty, heat-soaked aircraft before passenger loading; a
cooldown time of less than 30 min is usually desired. A cabin tem-
perature of between 24 and 27°C is typically specified for these hot-
day ground design conditions. During cruise, the system should
maintain a cabin temperature of 24°C with a full passenger load.
The cooling load is entirely sensible in most cases when air-cycle
machines are used. When a vapor-cycle recirculation system is used,
latent heat is added.

Heating Requirements. Heating requirements are based on a
partially loaded aircraft on a very cold day. Cabin temperature
warm-up for a cold-soaked aircraft is desired to be within 30 min as
well. A cabin temperature of 21°C is typically specified for cold-
day ground-operating conditions. During cruise, the system should
able to maintain a cabin temperature of 24°C with a 20% passenger
load, a cargo compartment temperature above 4.4°C, and cargo
floor temperatures above 0°C to prevent freezing of cargo.

Temperature Control

Whenever a section of the cabin or flight deck has capability for
independent supply temperature control, it is termed a zone. Com-
mercial aircraft (over 19 passengers) can have as few as two zones
(cockpit and cabin) and as many as seven. These crew and passenger
zones are individually temperature-controlled to a crew-selected
temperature for each zone, ranging from 18 to 29°C. Some systems
have limited temperature control in the passenger zones that can be
adjusted by the flight attendants. The selected zone temperature is
controlled to within 1 K of the sensed temperature, and temperature
uniformity in the zone should be within 3 K. Separate temperature
controls can be provided for cargo compartments.

Temperature control may also be the predominant driver of ven-
tilation requirements. The interior of the fuselage has several elec-
tronic/electrical heat sources that are required for the aircraft’s
operation, as well as heat loads from ambient and from occupants
and their activities. These increasing heat loads are accommodated
by reducing supply temperatures:

qsources

T,

supply = Te

cabin Cpl’h
where
Gsources = all heat into cabin, W
m = air mass flow, kg/s
¢, = specific heat; 1006 J/(kg-K) for air
T = temperature, K

Supply temperatures in each of the zones have practical limits,
such as the freezing temperature of water (humidity), when either
the heat loads are too large or the mass flow is too low.

Air Velocity

The passenger cabin is most similar to buildings with very high
occupant densities, such as theaters or lecture halls. In these situ-
ations, the air-conditioning system is typically in cooling mode
(i.e., the supply diffuser temperature is cooler than the room tem-
perature). The ducting and diffuser networks are best described as
cold-air systems, in which the duct velocities are higher, duct tem-
peratures lower, and the fraction of recirculated air smaller (about
50% of the mixture) than in buildings (which use up to 95%). The
cold-air diffuser is also in much closer proximity to the occupants
in an aircraft cabin. The design challenge is to deliver cool air to
the passengers without uncomfortable drafts.
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Fig. 6 Transient Air Velocity Measured in Seated Area
of Aircraft Cabin

The velocity characteristics of an airplane cabin are uniquely
affected by transitional flow behavior. The supply diffuser Reynolds
number is typically between 3000 and 5000. Turbulence induced by
the diffuser affects the perceived draftiness. Figure 6 shows the
unsteady velocity variations measured in an aircraft cabin.

At any instant in time, the velocity field in the cabin will change,
but an overall pattern develops for the time-averaged velocity. An
example of this comes from computational fluid dynamics (CFD)
modeling of a passenger cabin. Ventilation air enters the cabin near
the center and blows outward in two directions. Air leaves near the
floor on both sides, as shown in Figure 7.

Several comfort indices are used to evaluate air velocity, such as
predicted percent dissatisfied (PPD) or predicted mean vote (PMV).
Draft-sensitive areas of the body such as the ankles or neck receive
special attention during air distribution system design. The velocity
requirements are described in detail in Chapter 9 of the 2017
ASHRAE Handbook—Fundamentals and ASHRAE Standard 55.

Ventilation

Air drawn from the compressor section of the jet engine is called
bleed air (also known as outside air, fresh air, outdoor air, or ambient
air). When air is provided by sources other than the engine, it is not
bleed air in the strict sense, because it is no longer bled from the
engines. The current FAA requirement is to provide 4 g/s of bleed/
outdoor air per person. Because this requirement is expressed as a
mass flow, the bleed air ventilation rate as a volumetric flow varies
with cabin pressure and temperature. Cabin altitude is a convenient
way of expressing cabin pressure by referencing the cabin pressure
to a standard atmosphere. The required 4 g/s is equivalent to about
3.3 L/s at sea level and 24°C. Based on ASHRAE research,
ASHRAE Standard 161 established a ventilation rate for aircraft
passengers at 3.5 L/s per passenger. This rate was based in part on
the consideration that not all spaces in the enclosed area achieve
100% ventilation effectiveness. At other cabin pressures or alti-
tudes, flow volumes can be found with the following equation:

where

m = 0.00416 kg/s

R = 0.2865 m?(s-K)
T, = cabin temperature; 21°C =294 K
P, = cabin pressure from Table 2, kPa

In many aircraft, the bleed/outdoor air flow is augmented by fil-
tered or recirculated air. There are currently no regulatory require-
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Fig. 7 Cabin Air Velocities from CFD, fpm
(Lin et al. 2005)

ments on the amount of recirculated air that enters the cabin, but it
is customary to provide about 4.7 L/s per person of recirculated air
in addition to the bleed air required by regulation, for a total of about
9.4 L/s per person at 2440 m cabin altitude.

Ventilation Effectiveness. ASHRAE Standards 62.1-2018 and
161-2018 address ventilation effectiveness (VE), a measure of mix-
ing within the volume relative to a perfectly mixed system (Standard
62.1 uses the term zone air distribution effectiveness E, instead of
VE). It is described with the following equations:

c, . —C;
mixed in
VE .
Clocal ~ Cin
where ¢ = contaminant concentration, or

Qlocal

VE =
Qcabin

where
Ciocar = local contaminant concentration by volume
¢;, = inlet contaminant concentration
Cixed = concentration if perfectly mixed
Q. .abin = contaminant flow to cabin or zone, L/s
Ojpear = flow delivered to breathing zone, L/s

Contaminant concentrations in a perfectly mixed system are the
same in the cabin volume as at the exit (floor grilles), and the concen-
tration in the exit is based only on the ventilation rate and generation
rate (including source and sink). Therefore, ventilation effectiveness
indicates the degree of contaminant stratification with the volume.
VE > 1 means that concentrations in the breathing zone are lower
than in a perfectly mixed system; VE < 1 means they are higher.

There is a distinction between VE for bleed air and VE for
total ventilation. For bleed air, the inlet concentration c;, is the
concentration of gases in the supply air to the entire system
(i.e., bleed air concentration). The local concentration will be

Table 2 FAA-Specified Bleed Air Flow per Person

Required Flow per Person

Cabin Pressure, kPa Altitude, m at 24°C, L/s
101.325 0 3.49
99.505 150 3.54
97.719 305 3.63
95.954 460 3.68
94.210 610 3.78
92.500 760 3.82
90.811 915 3.92
89.149 1070 3.96
87.508 1220 4.06
85.895 1370 4.11
84.309 1525 4.20
82.744 1680 4.29
81.200 1830 4.34
79.683 1980 4.44
78.187 2135 4.53
76.711 2290 4.63
75.263 2440 4.72

larger than the inlet concentration only if the contaminant is
generated within the cabin. For total ventilation, VE uses the ¢;,
at the nozzle (i.e., supply mixture concentration) and includes
contaminants from the recirculation system. The practical use
of this VE applies to particulate levels in the cabin, because the
recirculated air is equivalent to bleed air in this regard.

Contaminant concentrations in the cabin can be converted to
flows delivered to the breathing zone Qy,,,.,; using the following rela-
tionship:

0 _ qgen
local —
Clocal ~ Cin
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Substitute
qgen = qupplied (Cmixed - Cin)
0 -0 Cmixed ~ Cin
local ~— ¥supplied —
°p Clocal ~ Cin
where
dgen = CO, generation rate, 0.005 L/s at standard conditions

Crocal = local CO, concentration by volume
¢;, = inlet CO, concentration
Oguppliea = flow to cabin or zone, L/s

ocar = flow delivered to breathing zone, L/s

Some consideration can be given to distribution effectiveness
(DE), where flows to higher-occupant-density sections of the cabin
(e.g., coach) are used to set minimum flows to the cabin, and lower-
density sections (e.g., first class) may subsequently be over-
ventilated:

Q. . ./n
zZone zZone
DE = 5
Qcabin Neabin
where
O.one/Mzone = TlOw per person in zone

O apin/Meapin= average flow per person for entire cabin

Distribution effectiveness accounts for a system that provides a
uniform flow per length of cabin yet has varying seating densities
along the length. For bleed air distribution, this effectiveness is tem-
pered somewhat by occupant diversity D (see ASHRAE Standard
62.1), because underventilated zones feed into the same recircula-
tion flow. For total flow (bleed + recirculated) and for systems with-
out recirculation, however, occupant diversity does not apply.

System ventilation efficiency (SVE) is a measure of how well
mixed the recirculated air is with the bleed air before it enters the
cabin. The SVE can be determined from the concentration varia-
tions in the ducts leaving the mix manifold (see Figure 11), for
instance. The SVE is similar to VE in formulation:

Call zones ~ Camb
SVE =
C

zone ~ Camb
where

Cull zones = Average copceptr?tiqn_of all supply ducts
C,one = concentration in individual supply duct

Camp = ambient reference concentration = Cy. (bleed air concentration)

Dilution Ventilation and TLV

Contaminants that are present in the supply air and are also gen-
erated within the cabin require increasing dilution flows to avoid
reaching Threshold Limit Values (TLVs®) (ACGIH). For example,
suppose carbon monoxide is present in the atmosphere at 210 ppb
and that each person generates 0.168 mL CO per minute, or 2.8 X 10~
6 L/s (Owens and Rossano 1969). The amount of bleed air required
to stay below the EPA guideline of 9000 ppb will depend on the
ambient CO levels, the human generation rate, and the CO contribu-
tion of the ventilation system:

9gen dgen

Qre =
q — — —
CTLV Acsyxtem Cfr CTLV Csupply

where
Crpy = allowable concentration
system — concentration rise from system
supply = concentration in supply (air entering cabin)
Cj;. = concentration in bleed air
9gen = CO generated per person

AC
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Example 3. If the ventilation system does not contribute carbon monoxide
to the supply air, then the required ventilation rate to stay
below the threshold is

Cyzy= 9000 ppb = 0.000009

Qgen =28 % 106 L/s

AC

system —

0

C;=210ppb=2.1x 107

0. = dgen _ 28x107
"t Crp—AC Cr 0.000009-0-2.1x10"

system

0.32 L/(s'person)

If, however, the ventilation system produces a 1000 ppb rise in car-
bon monoxide, then the required ventilation is

Cyyp= 9000 ppb = 0.000009

Qgen =28 % 106 L/s

AC

system

= 1000 ppb = 0.000001
C4 =210 ppb =2.1 x 10”7
Dgen 28x107°

Criy=ACycrem=Cri 0.000009 —0.000001 —2.1 % 10~
= 0.36 L/(s'person)

Qreq =

It is important to note that, under certain circumstances, ¢, and
ACjy50m may change sign as contaminant sources become contaminant
sinks. This simplified approach shown here is more conservative, and

could overpredict contaminant levels in real situations.

Air Exchange

High occupant density ventilation systems have higher air
exchange rates than most buildings (i.e., offices). The typical air-
plane may have an air exchange rate of 10 to 20 air changes per hour
(ach), whereas an office might have 1 ach. The air is not replaced in
a mixed system at every air exchange. Actually, the ratio Q/V (air
exchange rate) is more like the inverse of decay time constant T. An
airplane cabin can be approximated as a partially mixed volume (a
volume with ventilation effectiveness) as long as the contaminant
sources are uniformly distributed throughout the volume. For a
well-mixed volume, contaminant in equals contaminant out plus
contaminant accumulated in the volume, or

dc
Qcin = Qcout v E

Accounting for ventilation effectiveness, the concentration
leaving the volume c,,, is related to the concentration within the
volume ¢ and the concentration entering the volume c;, by the ven-
tilation effectiveness VE:

Cmixed ~ Camb Cout ~Camb
VE = = —c
Clocal ~ €amb Clocal ~€amb

= Cin + VE(C - Cin)

out

Substituting,

d
Oci, = Qlc,, + VE(e—c;,)1 + V'

which leads to




Aircraft

Although air exchange rates are occasionally used as require-
ments on the ventilation system, in the case of cabin ventilation,
there is no basis for setting one. Air exchange rate can be a surro-
gate (only for similarly sized volumes) for temperature uniformity,
air quality, or smoke clearance. The flow-per-person specification
is preferred, because it can be related to the predominant pollutant
source more directly. Air exchange rates therefore indirectly pro-
vide valid ventilation comparisons between airplanes of similar
volume and seating density. However, comparisons with buildings
are misleading: occupant densities could be 30 times higher in air-
craft, and bioeffluent doses (defined here as the time integral of the
concentration of occupant-generated contaminants) for the same
ventilation rate per person are greater in aircraft passenger cabins,
depending upon occupancy times (see the section on Air Quality).

Filtration

Most airplane manufacturers have provisions for recirculated air
filtration. Common practice is to install high-efficiency particulate
air (HEPA) filters. The current industry standard for new build pro-
duction aircraft is EU class H13 according to EN Standard 1822-1
and ISO Standard 29463-1 class 35H (i.e., 99.95% minimum re-
moval efficiency by sodium flame test) (Eurovent 4/4, BS3928).
This is equivalent to 99.97% minimum removal efficiency of ap-
proximately 0.3 wm when tested according to Institute of Environ-
mental Sciences and Technology Recommended Practice RP-
CC001.5 (IEST 1997).

Filters are required to have sufficient particulate capacity to
remain effective between normal maintenance intervals. The life of
the filter is related to the recirculation system pressure drop, system
operating pressure, and the recirculation fan curve. As the filter
becomes loaded, pressure drop increases. When added to the system
losses, the effect is a reduction in flow, as shown in Figure 8.

It is important to change the filters at least as often as recom-
mended by the manufacturer to maintain flow capacity.

Carbon/HEPA filters are available on the recirculation system for
some aircraft models. Performance is not fully characterized. Filters
must be tested and certified for each aircraft design. Currently avail-
able designs are intended to replace standard HEPA filters. The
system designer must verify with the filter manufacturer the service
life of the filter for the intended application. Most systems have no
filtration of the engine bleed air supply as standard equipment, al-
though some technologies (e.g., combined VOC/ozone converters
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and bleed air centrifugal cleaners) are sometimes offered as optional
equipment.

Pressurization/Oxygen

Cabin pressurization achieves the required partial pressures of
oxygen for the crew and passengers during high-altitude flight. At
altitudes above 2440 m, the occupied cabin must be pressurized to
an equivalent altitude of 2440 m or less to allow normal physiolog-
ical functions without supplemental oxygen. The maximum pres-
sure difference between the cabin and outside environment is
limited by aircraft structural design limits. The differential pressure
control provides a cabin pressure based on the flight altitude of the
aircraft. A typical cabin altitude schedule is shown in Figure 3.
Additional provisions that are separate from normal cabin pressure
controls must be provided for positive- and negative-pressure relief
to protect the aircraft structure.

A DOT-sponsored study (DOT 1989) concluded that current pres-
surization criteria and regulations are generally adequate to protect
the traveling public. The study also noted that the normal maximum
rates of change of cabin pressure (approximately 2.5 m/s in increas-
ing altitude and 1.5 m/s in decreasing altitude) do not pose a problem
for the typical passenger.

However, pressurization of the cabin to equivalent altitudes of up
to 2440 m, as well as changes in the normal rates of pressure during
climb and descent, may create discomfort for some people, such as
those suffering from upper respiratory or sinus infections, obstruc-
tive pulmonary diseases, anemia, or certain cardiovascular condi-
tions. In those cases, supplemental oxygen may be recommended.
Children and infants sometimes experience discomfort or pain
because of pressure changes during climb and descent. Injury to the
middle ear has occurred to susceptible people, but is rare.

During a sudden cabin depressurization in flight, passengers and
crew are provided with overhead masks supplying supplemental
oxygen. Passengers with respiratory diseases can bring portable
oxygen containers on board.

Humans at rest breathe at a rate of approximately 0.15 L/s while
consuming oxygen at a rate of 0.007 L/s at 2440 m. The percent
oxygen makeup of the supply air remains at approximately 21% at
cruise altitude. A person receiving 4.7 L/s of outside air and 4.7 L/
s of recirculation air would therefore receive approximately 2 L/s of
oxygen. The level drops to 1.98 L/s as it leaves the cabin. Conse-
quently, the content of oxygen in cabin air is little affected by
breathing (i.e., it drops 0.33%). Although the percentage of oxygen
in cabin air remains virtually unchanged (20.93%) at all normal
flight altitudes, the partial pressure of oxygen decreases with
increasing altitude, which decreases the amount of oxygen held by
the blood’s hemoglobin. The increase in cabin altitude may cause
low-grade hypoxia (reduced tissue oxygen levels) in some people.
However, the National Academy of Sciences (NAS 1986, 2002)
concluded that pressurization of the cabin to an equivalent altitude
of 1524 to 2440 m is physiologically safe for healthy individuals: no
supplemental oxygen is needed to maintain sufficient arterial oxy-
gen saturation.

System Description

The outdoor air supplied to the airplane cabin is usually provided
by the compressor stages of the engine, and cooled by air-conditioning
packs located under the wing center section. An air-conditioning
pack uses the compressed ambient air as the refrigerant in air-cycle
cooling.

Air is supplied and exhausted from the cabin on a continuous
basis. As shown in Figure 9, air enters the passenger cabin from
supply nozzles that run the length of the cabin. Exhaust air leaves
the cabin through return air grilles located in the sidewalls near the
floor, running the length of the cabin on both sides. Exhaust air is
continuously extracted from below the cabin floor by recirculation
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fans that return part of the air to the distribution system. The
remaining exhaust air passes to an outflow valve, which directs the
air overboard. The cabin ventilation system is designed to deliver air
uniformly along the length of the cabin.

Pneumatic System

The pneumatic system, or engine bleed air system, extracts a
small amount of the gas turbine engine compressor air to ventilate
and pressurize the aircraft compartments. A schematic of a typical
system is shown in Figure 10. During climb and cruise, bleed air is
usually taken from the mid-stage engine bleed port for minimum-
horsepower extraction (bleed penalty). During idle descent it is
taken from the high-stage engine bleed port, where maximum avail-
able pressure is required to maintain cabin pressure and ventilation.
The auxiliary power unit (APU) is also capable of providing the
pneumatic system with compressed air on the ground and in flight.
Bleed air is pressure-controlled to meet the requirements of the sys-
tem using it, and it is usually cooled to limit bleed manifold tem-
peratures to meet fuel safety requirements. In fan jets, engine fan air
is extracted for use as a heat sink for bleed air using an air-to-air heat
exchanger called a precooler; for turboprop engines, ram air is used,
which usually requires an ejector or fan for static operation. Other
components include bleed-shutoff and modulating valves, a fan-air-
modulating valve, sensors, controllers, and ozone converters. The
pneumatic system is also used intermittently for airfoil and engine
cowl anti-icing, engine start, and several other pneumatic functions.

Each engine has an identical bleed air system for redundancy and
to equalize the compressor air bled from the engines. The equip-
ment is sized to provide the necessary temperature and airflow for
airfoil and cowl anti-icing, or cabin pressurization and air
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conditioning with one system or engine inoperative. The bleed air
used for airfoil anti-icing is controlled by valves feeding piccolo
tubes extending along the wing leading edge. Similar arrangements
may be used for anti-icing the engine cowl and tail section.

Air Conditioning

Air-cycle refrigeration is the predominant means of air condi-
tioning for commercial and military aircraft. The reverse-Brayton
cycle or Brayton refrigeration cycle is used, as opposed to the
Brayton power cycle that is used in gas turbine engines. The differ-
ence between the two cycles is that, in the power cycle, fuel in a
combustion chamber adds heat, and in the refrigeration cycle, a
ram-air heat exchanger removes heat. The familiar Rankine vapor
cycle, which is used in building and automotive air conditioning and
in domestic and commercial refrigeration, is used for military air-
craft as well as galley cooling on larger commercial transports.

In an air cycle, compression of the ambient air by the gas tur-
bine engine compressor provides the power input. The heat of
compression is removed in a heat exchanger using ambient air as
the heat sink. This cooled air is refrigerated by expansion across a
turbine powered by the compressed bleed air. The turbine energy
resulting from the isentropic expansion is absorbed by a second
rotor, which is either a ram air fan, bleed air compressor, or both.
This assembly is called an air cycle machine (ACM).

The most common types of air-conditioning cycles for com-
mercial transport aircraft are shown in Figure 11. All equipment in
common use on commercial and military aircraft is open loop,
although many commercial aircraft systems include various means
of recirculating cabin air to minimize engine bleed air use without
sacrificing cabin comfort. The basic differences between the systems
are the type of air cycle machine used and its means of water sepa-
ration. Hybrid ACM/vapor cycle systems are discussed in Chapter
27 of the 2018 ASHRAE Handbook—Refrigeration.

The most common of these air cycle machines in use are the
bootstrap ACM consisting of a turbine and compressor; the three-
wheel ACM consisting of a turbine, compressor, and fan; and the
four-wheel ACM consisting of two turbines, a compressor, and a
fan. The bootstrap ACM is most commonly used for military appli-
cations, although many older commercial aircraft models use the
bootstrap cycle. The three-wheel ACM (simple bootstrap cycle) is
used on most of the newer commercial aircraft, including commuter
aircraft and business aircraft. The four-wheel ACM (condensing
cycle) was first applied in 777 aircraft.

The compartment supply temperature may be controlled by mix-
ing ram-cooled bleed air with the refrigerated air to satisfy the range
of heating and cooling. Other more sophisticated means of tem-
perature control are often used; these include ram air modulation,
various bypass schemes in the air-conditioning pack, and down-
stream controls that add heat for individual zone temperature control.

The bleed airflow is controlled by a valve at the inlet of the air-
conditioning pack. The flow control valve regulates flow to the
cabin for ventilation and repressurization during descent. Most
aircraft use two or three air cycle packs operating in parallel to com-
pensate for failures during flight and to allow the aircraft to be
dispatched with certain failures. However, many business and com-
muter aircraft use a single pack. High-altitude aircraft that have a
single pack also have emergency pressurization equipment that uses
ram-cooled bleed air.

If the engine ingests water, or if the air cycle drops significantly
below the dew point, some water separation devices are installed to
avoid water spray in the cabin. Low- or high-pressure water sepa-
ration may be used. A low-pressure water separator, located
downstream from the cooling turbine, has a cloth lining that
coalesces fine water particles entrained in the turbine discharge air
into droplets. The droplets are collected, drained, and sprayed into
the ram airstream using a bleed-air-powered ejector; this process
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increases pack cooling capacity by depressing the ram air heat sink
temperature.

The high-pressure water separator condenses and removes
moisture at high pressure upstream of the cooling turbine. A heat
exchanger uses turbine discharge air to cool the high-pressure air suf-
ficiently to condense most of the moisture present in the bleed air
supply. The moisture is collected and sprayed into the ram airstream.

In the condensing cycle one turbine removes the high-pressure
water and the second turbine does the final expansion to subfreezing
temperature air that is to be mixed with filtered, recirculated cabin
air. Separating these functions recovers the heat of condensation,
which results in a higher cycle efficiency. It also eliminates con-
denser freezing problems because the condensing heat exchanger is
operated above freezing conditions.

The air-conditioning packs are located in unpressurized areas of
the aircraft to minimize structural requirements of the ram air circuit
that provides the necessary heat sink for the air-conditioning cycle.
This location also provides protection against cabin depressuriza-
tion in the event of a bleed or ram air duct rupture. The most com-
mon areas for the air-conditioning packs are the underwing/wheel
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well area and the tail cone area aft of the rear pressure bulkhead.
Other areas include the areas adjacent to the nose wheel and over-
wing fairing. The temperature control components and recirculating
fans are located throughout the distribution system in the pressur-
ized compartments. The electronic pack and zone temperature
controllers are located in the electrical/electronic (E/E) bay. The air-
conditioning control panel is located in the flight deck. A schematic
of a typical air-conditioning system is shown in Figure 12.

Cabin Pressure Control

Cabin pressure is controlled by modulating airflow discharged
from the pressurized cabin through one or more cabin outflow
valves. The cabin pressure control includes the outflow valves, con-
troller, selector panel, and redundant positive-pressure relief valves.
Provisions for negative-pressure relief are incorporated in the relief
valves and/or included in the aircraft structure (door). The system
controls the cabin ascent and descent rates to acceptable comfort
levels, and maintains cabin pressure altitude in accordance with
cabin-to-ambient differential pressure schedules. Modern controls
usually set landing field altitude, if not available from the flight
management system (FMS), and monitor aircraft flight through the
FMS and the air data computer (ADC) to minimize cabin pressure
altitude and rate of change.

The cabin-pressure-modulating and safety valves (positive-
pressure relief valves) are located either on the aircraft skin, in the
case of large commercial aircraft, or on the fuselage pressure bulk-
head, in the case of commuter, business, and military aircraft.
Locating outflow valves on the aircraft skin precludes handling of
large airflows in the unpressurized tailcone or nose areas and pro-
vides some thrust recovery; however, these double-gate valves are
more complex than the butterfly or poppet-type valves used for
bulkhead installations. Safety valves are poppet-type valves for
either installation. Most commercial aircraft have electronic con-
trollers located in the E/E bay. The cabin pressure selector panel is
located in the flight deck.

2. TYPICAL FLIGHT

A typical flight scenario from London’s Heathrow Airport to Los
Angeles International Airport would be as follows:

While the aircraft is at the gate and the engines have not been
started yet, the ECS can be powered by compressed air supplied by
the auxiliary power unit (APU), or bleed air from a ground cart. The
APU or ground-cart bleed air is ducted directly to the bleed air man-
ifold upstream of the air-conditioning packs. Once started, the
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engines become the compressed air source and the ground carts are
disconnected.

Taxiing from the gate at Heathrow, the outside air temperature is
15°C with an atmospheric pressure of 101.3 kPa. The aircraft en-
gines are at low thrust, pushing the aircraft slowly along the taxiway.

Engine Bleed Air Control

As air from outside enters the compressor stages of the engine,
it is compressed to 220 kPa (gage) and a temperature of 166°C.
Some of this air is then extracted from the engine core through one
of two openings (bleed ports) in the side of the engine. Which bleed
port extracts the air depends on the positioning of valves that control
the ports. One bleed port is at a higher engine compressor stage
(e.g., fifteenth stage), commonly called high stage. The second is at
a lower compressor stage (e.g., eighth stage), commonly called low
stage or intermediate stage. The exact stage varies depending on
engine type. At low engine power, the high stage is the only source
of air at sufficient pressure to meet the needs of the bleed system.
Bleed stage selection is totally automatic, except for a shutoff selec-
tion available to the pilots on the overhead panel in the flight deck.

As the aircraft turns onto the runway, the pilots advance the
engine thrust to takeoff power. The engine’s high stage compresses
the air to 650°C and 2965 kPa. This energy level exceeds the
requirements for the air-conditioning packs and other pneumatic
services; approximately 50% of the total energy available at the
high-stage port cannot be used, so the bleed system automatically
switches to the low-stage port to conserve energy.

Because the engine must cope with widely varying conditions
from ground level to flight at an altitude of up to 13 140 m, during
all seasons and throughout the world, air at the high or low stage of
the engine compressor seldom exactly matches the pneumatic sys-
tems’ needs. Excess energy must be discarded as waste heat. The
bleed system constantly monitors engine conditions and selects the
least wasteful port. Even so, bleed port temperatures often exceed
fuel auto-ignition temperatures. The precooler automatically dis-
charges excess energy to the atmosphere to ensure that the tempera-
ture of the pneumatic manifold is well below that which could ignite
fuel in the event of a fuel leak.

The aircraft climbs to a cruise altitude of 11 900 m, where the
outside air temperature is —57°C at an atmospheric pressure of 20
kPa, and the partial pressure of oxygen is 4 kPa. Until the start of
descent to Los Angeles, the low-stage compressor is able to
compress the low-pressure cold outdoor air to more than 210 kPa
and above 200°C. This conditioning of the air is all accomplished
through the heat of compression: fuel is added only after the air has
passed through the compressor stages of the engine core.

Figure 13 shows the temperature of the air leaving the bleed
system (labeled “to airplane” in Figure 10) from the time of depar-
ture to the time of arrival at Los Angeles.

The air then passes through an ozone converter on its way to the
air-conditioning packs located under the wing at the center of the
aircraft.

Ozone Protection

While flying at 11 900 m, several ozone plumes are encountered.
Some have ozone concentrations as high as 0.8 ppm, or 0.62 ppm
sea-level equivalent (SLE). This assumes a worst-case flight during
the month of April, when ozone concentrations are highest. If this
concentration of ozone were introduced into the cabin, passengers
and crew could experience chest pain, coughing, shortness of breath,
fatigue, headache, nasal congestion, and eye irritation.

Atmospheric ozone dissociation occurs when ozone goes through
the compressor stages of the engine, the ozone catalytic converter
(which is on aircraft with a route structure that can encounter high
ozone concentrations), and the air-conditioning packs. The ozone
further dissociates when contacting ducts, interior surfaces, and the
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recirculation system. The ozone converter dissociates ozone to
oxygen molecules by using a noble catalyst such as palladium. A
new converter dissociates approximately 95% of the ozone entering
the converter to oxygen. It has a useful life of about 12 000 flight
hours.

As the air leaves the ozone converter, it is still at 204°C and a pres-
sure of 207 kPa. Assuming a worst case when the converter is ap-
proaching the end of its useful life, with an ozone conversion
efficiency of 60%, the ozone concentration leaving the converter is
about 0.25 ppm SLE. This air goes through the air-conditioning packs
and enters the cabin. The ozone concentration in the cabin is about
0.09 ppm. As mentioned in the section on Regulations, the FAA sets
a 3 h time-weighted average ozone concentration limit in the cabin of
0.1 ppm and a peak ozone concentration limit of 0.25 ppm.

Air Conditioning and Temperature Control

Air next enters the air-conditioning packs, which provide es-
sentially dry, sterile, and dust-free conditioned air to the airplane
cabin at the proper temperature, flow rate, and pressure to satisfy
pressurization and temperature control requirements. For most
aircraft, this is approximately 2.4 L/s per passenger. To ensure re-
dundancy, typically two (or more) air-conditioning packs provide
a total of about 4.8 L/s of conditioned air per passenger. An equal
quantity of filtered, recirculated air is mixed with air from the air-
conditioning packs for a total of approximately 9.5 L/s per passen-
ger. Automatic control for the air-conditioning packs constantly
monitors airplane flight parameters, the flight crew’s selection for
temperature zones, cabin zone temperature, and mixed distribu-
tion air temperature. The control automatically adjusts the various
valves for a comfortable environment under normal conditions.
The pilot’s controls are located on the overhead panel in the flight
deck, along with the bleed system controls. Normally, pilots are
required only to periodically monitor the compartment tempera-
tures from the overhead panel. Temperatures can be adjusted
based on flight attendant reports of passengers being too hot or too
cold. Various selections are available to the pilots to accommodate
abnormal operational situations.

Air Recirculation

The air has now been cooled and leaves the air-conditioning
packs. It leaves the packs at 16°C and 81 kPa. The relative humidity
is less than 1% and ozone concentration is less than 0.25 ppm. The
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carbon dioxide concentration remains unchanged from that of the
outside air at about 350 ppm. As this air enters a mixing chamber, it
is combined with recirculated air.

The recirculated air is filtered before entering the mix manifold.
Over 99.9% of the bacteria and viruses that reach the recirculation
filters are removed from recirculated air by HEPA filters, which are
used on most modern aircraft.

Air Distribution

The filtered and bleed air mixture leaves the mixing chamber on
its way through the air distribution system. At this time, its humidity
has increased relative to bleed air by about 5 to 10% rh. The tem-
perature of the mixture is determined by the cooling requirements of
the dominant zone. Control for the remaining zones is achieved by
adding hot air to the zone supply. The hot-air source is the same
bleed supply as the packs, so very small amounts of air are required
to adjust the temperature.

Carbon dioxide levels in the distribution system are about half-
way between the levels in bleed air and in the cabin. At a 1830 m
cabin altitude, the level is about 1000 ppm in the distribution system.

The mixture leaves the air distribution system and enters the cabin
through high-velocity diffusers. The diffusers run the length of the
cabin. In order to minimize fore-to-aft flow and mixing between
zones, flow is provided at a uniform amount per unit length of cabin.
Even though the air change rates are high compared to buildings,
they are low when looking at the plug flow velocity. If ventilation air
were provided uniformly across the cabin, as in plug flow, the veloc-
ity would be less than 0.025 m/s. Momentum from the diffusers
increases velocity up to comfortable levels of 0.08 to 0.33 m/s.

Once the air mixes with the air in the cabin, the humidity rises by
another 5 to 10% rh to stabilize at 10 to 20% rh, and the carbon
dioxide level rests at about 1700 ppm (at 1830 m cabin altitude).

Cabin Pressure Control

The cabin pressure control system continuously monitors ground
and flight modes, altitude, climb, cruise or descent modes, and the
airplane’s holding patterns at various altitudes. It uses this informa-
tion to position the cabin pressure outflow valve to maintain cabin
pressure as close to sea level as practical, without exceeding a cabin-
to-outside pressure differential of 59.3 kPa. At a 11 900 m cruise
altitude, the cabin pressure is equivalent to 2100 m or a pressure of
80 kPa. In addition, the outflow valve repositions itself to allow
more or less air to escape as the airplane changes altitude. The
resulting cabin altitude is consistent with airplane altitude within the
constraints of keeping pressure changes comfortable for passengers.
The cabin pressure control system panel is located in the pilot’s
overhead panel near the other air-conditioning controls. Normally,
the cabin pressure control system is totally automatic, requiring no
attention from the pilots.

Finally, as descent to LAX begins, the cabin pressure controller
follows a prescribed schedule for repressurization. The cabin alti-
tude eventually reaches sea level, the doors can then be opened at
the gate, and passengers depart.

3. AIR QUALITY
Factors Affecting Perceived Air Quality

Several factors can influence comfort and perceived cabin air
quality. These cabin environmental parameters, in combination with
maintenance-, operations-, individual-, and job-related factors, col-
lectively influence the cabin crew and passenger perceptions of the
cabin environment. Cabin environmental quality (CEQ) must be
differentiated from cabin air quality (CAQ), because many symp-
toms, such as eye irritation, for example, may be caused by humidity
(CEQ) as well as contaminants (CAQ).
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Strictly, air quality is a measure of pollutant levels. Aircraft cabin
air quality is function of many variables including: the quantity of
ventilation flow, ambient air quality, the design of the cabin volume,
the design of the ventilation and pressurization systems, the way the
systems are operated and maintained, the presence of sources of
contaminants, and the strength of such sources.

Figure 14 depicts the three groups that can influence cabin envi-
ronmental quality: manufacturers, airlines, and the occupants them-
selves. Airplane manufacturers influence the physical environment
by the design of the environmental control system integrated with the
rest of the systems on the airplane. Airlines affect the environmental
conditions in the cabin by seating configuration, amenities offered,
and procedures for maintaining and operating the aircraft. Finally,
cabin environmental comfort is influenced by the individual and job-
related activities of the cabin crew and passengers.

Factors that can individually or collectively affect aircraft cabin
air quality are discussed in the following sections.

Airflow

The airflow per unit length of the airplane is typically the same
for all sections. However, economy class has a lower airflow per
passenger because of its greater seating density compared to first
class and business class.

The flight deck is provided with a higher airflow per person than
the cabin in order to (1) maintain a positive pressure in the cockpit
to prevent smoke ingress from adjacent areas (abnormal condition),
(2) provide cooling for electrical equipment, and (3) account for
increased solar loads and night heat loss through the airplane skin
and windows.

The bleed or outdoor air quantity supplied on some aircraft mod-
els can be reduced by shutting off one air-conditioning pack. The
flight crew has control of these packs to provide flexibility in case of
a system failure or for special use of the aircraft. However, packs
should be in full operation whenever passengers are on board.

Air Changes

Confusion abounds over the use of air exchange rate (also called
“air change rate”) when making comparisons between dissimilar
systems. Further, there is no air quality equivalence in the compar-
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ison of systems unless the occupied volumes are equal. This is be-
cause high air exchange rates can be achieved in two ways. As
airflow increases, the air change rate increases; however, as volume
decreases, the air change rate also increases but without a propor-
tionate increase in air quality. Air exchange rate is the ratio of ven-
tilation flow to volume:

0
ACR = 7
where
ACR = air change rate, h!
0 = flow, m%h

V = volume, m3

A close inspection of the definition reveals the subtle relation-
ship between air quality ¢ = ¢/Q (steady state) and air exchange rate:

¢ = Air quality = g/(ACR)V

where
¢ = contaminant levels
g = contaminant generation rate

It is incorrect to assume that a smaller, single-aisle aircraft has
better air quality than a larger, double-aisle aircraft simply because
the air exchange rate is higher. Similarly, comparisons of buildings
are in error. Remember, air quality is related to flow, which is the
product of air change and volume.

The air exchange rate (bleed air to volume ratio) for an airplane
cabin is typically between 11 and 15 ach [air changes per hour
(ACH)]. Dilution rates for these air changes are between 25 and
18 min for replacement of 99% of the air. The particulate equivalent
of an air exchange rate (total ventilation to volume ratio, where total
ventilation =bleed + HEPA filtered recirculation) is between 20 and
30 equivalent air changes per hour.

Ozone

Ozone is present in the atmosphere as a consequence of the pho-
tochemical conversion of oxygen by solar ultraviolet radiation.
Ozone levels vary with season, altitude, latitude, and weather sys-
tems. A marked and progressive increase in ozone concentration
occurs in the flight altitude of commercial aircraft. The mean ambi-
ent ozone concentration increases with increasing latitude, is max-
imal during the spring (fall season for southern latitudes), and often
varies when weather causes high ozone plumes to descend.

Residual cabin ozone concentration is a function of the ambient
concentration; design, operation, and maintenance of the air distri-
bution system; and whether catalytic ozone converters are installed.

Cabin ozone limits are set by FAR Standards 121.578 and
25.832. Catalytic ozone converters are generally required on air-
planes flying mission profiles where the cabin ozone levels are
predicted to exceed these limits (refer to the FAA Code of Federal
Regulations for other compliance methods).

Microbial Aerosols

Biologically derived particles that become airborne include
viruses, bacteria, actinomycetes, fungal spores and hyphae, arthro-
pod fragments and droppings, and animal and human dander. One
study has documented the occurrence of an outbreak of infectious
disease related to airplane use. In 1977, because of an engine mal-
function, an airliner with 54 persons onboard was delayed on the
ground for 3 h, during which the airplane ventilation system was
reportedly turned off. Within 3 days of the incident, 72% of the pas-
sengers became ill with influenza. One passenger (the index case)
was ill while the airplane was delayed. With the ventilation system
shut off, no bleed air was introduced into the cabin to dilute micro-
bial aerosols and CO, or to control cabin temperatures.
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The airplane ventilation system should never be shut off when
passengers are on board, although the air packs (but not recircula-
tion fans) may be shut off for a short time during takeoff only.

To remove particulates and biological particles from the recircu-
lated air, use filter assemblies that contain a HEPA filter with a min-
imum efficiency of 99.97% on a dioctyl phthalate (DOP) test, as
measured by MIL-STD-282. A HEPA filter is rated using 0.3 um
size particles. A filter’s efficiency increases over time as particulates
become trapped by the filter. However, system performance de-
grades because of increased pressure drop. Overlapping capture
mechanisms in a filter also increase efficiency for particles smaller
and larger than the most penetrating particle size (MPPS). For an
airplane filter, the MPPS is about 0.1 to 0.2 um.

Viruses typically range from about 0.01 to 0.2 um, and are ef-
fectively removed by the air filtration mechanism of diffusional
interception. Bacteria are typically about 0.5 to 1.5 um, and are ef-
fectively removed by inertial impaction.

Activity Levels

Respiratory rates (also called minute ventilation) and, hence, air
contaminant doses vary with activity level. Elevated activity levels
increase respiration rate, and thereby may increase the dose of some
airborne contaminants. Breathing rates range from approximately
0.14 L/s for a seated passenger to 0.28 L/s for a working flight atten-
dant.

Volatile Organic Compounds

Volatile organic compounds (VOCs) can be emitted by material
used in furnishings, pesticides, disinfectants, cleaning fluids, and
food and beverages.

Carbon Dioxide

Carbon dioxide is the product of normal human metabolism,
which is CO,’s predominant source in aircraft cabins. Concentra-
tion in the cabin varies with bleed-air flow rate, number of people
present, and their individual rates of CO, production, which vary
with activity and, to a smaller degree, with diet and health. CO, has
been widely used as an indicator of indoor air quality, typically
serving the function of a surrogate. According to the DOT (1989),
measured cabin CO, values of 92 randomly selected smoking and
nonsmoking flights averaged 1500 ppm.

The environmental exposure limit adopted by the Association
of German Engineers (VDI 2004) and the American Conference
of Governmental Industrial Hygienists (ACGIH) is 5000 ppm as
the time-weighted average (TWA) limit for CO,; this value corre-
sponds to a bleed air ventilation rate of about 1.1 L/s per person at
sea level, if the only source of CO, is the occupants at rest. Other
sources of CO, within the cabin or cargo (e.g., dry ice) would of
course require more ventilation. 14CFR/CS/JAR 25.831 also lim-
its CO, to 5000 ppm (0.5%).

4. REGULATIONS

The Federal Aviation Administration (FAA) regulates the design
of transport category aircraft for operation in the United States under
section 14 of the Code of Federal Regulation (CFR) Part 25 (com-
monly referred to as the Federal Aviation Regulations [FARs]). ECS
equipment and systems must meet these requirements, which are pri-
marily related to safety of the occupants. Certification and operation
of these aircraft in the United States is regulated by the FAA in FAR
Part 121. Similar regulations are applied to European nations by the
European Aviation Safety Agency (EASA), which represents the
combined requirements of the airworthiness authorities of the partic-
ipating nations; the current equivalent design regulation is Certifica-
tion Specification (CS) 25, although many airplanes were designed
and certified to the former Joint Aviation Regulations (JARs) Part 25.
Operating rules based on FAA or EASA regulations are applied in-
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dividually by the nation of registry. Regulatory agencies may impose
special conditions on the design, and compliance is mandatory.

Several 14 CFR and CS/JAR Part 25 paragraphs apply directly to
transport category aircraft ECS. Those most germane to the ECS
design requirements of this chapter are as follows:

* 14CFR/CS/JAR 25.831

* 14CFR/CS 25.832 Cabin ozone concentration

* 14CFR/CS/JAR 25.841 Pressurized cabins

* 14CFR/CS/JAR 25.1301 Function and installation

* 14CFR/CS/JAR 25.1309 Equipment, systems, and installations

* 14CFR/CS/JAR 25.1438 Pressurization and pneumatic systems

* 14CFR/CS/JAR 25.1461 Equipment containing high energy
rotors

Ventilation

These regulatory requirements are summarized in the following
sections; however, the applicable FAR, CS and JAR paragraphs,
amendments and advisory material should be consulted for the
latest revisions and full extent of the rules.

14 CFR/CS/JAR Paragraph 25.831: Ventilation

 Each passenger and crew compartment must be ventilated.
» Each crew member must have enough bleed air to perform their
duties without undue fatigue or discomfort (minimum of 4.8 L/s).
» Crew and passenger compartment air must be free from hazard-
ous concentration of gases and vapors:
e CO limit is 1 part in 20 000 parts of air
* CO, limit is 0.5% by volume, sea level equivalent. Many air-

planes were designed/certified to a carbon dioxide limit of 3%
by volume (the former requirement)
* CO and CO, limits must be met after reasonably probable
failures
* Smoke evacuation from the cockpit must be readily accomplished
without depressurization.
* Occupants of the flight deck, crew rest area, and other isolated
areas must be able to control the temperature and quantity of ven-
tilating air to their compartments independently.

14 CFR 25.831, Amendment 25-87
(specifies new requirements)

* Under normal operating conditions, the ventilation system must
be designed to provide each occupant with airflow containing at
least 0.25 kg of bleed air per minute (or about 4.8 L/s at 2440 m).

» The maximum exposure at any given temperature is specified as
a function of the temperature exposure.

FAA Advisory Circular (AC) 25-20/ Acceptable Means
of Compliance/Adyvisory Circular-Joint 25.831

» The ventilation system should be designed to provide enough
fresh air to prevent accumulation of odors and pollutants such as
carbon dioxide.

* In the event of loss of one source or probable failure conditions,
the supply of bleed air should not be less than 0.25 kg/min per
person for any period exceeding 5 min. This is derived from the
ventilation rate procedure of ASHRAE Standard 62-1981. How-
ever, temporary reductions below this flow rate may be accepted
if the compartment environment can be maintained at a level that
is not hazardous to the occupant.

14 CFR/CS 25.832: Cabin Ozone Concentration

Specifies the cabin ozone concentration during flight must be
shown not to exceed the following:

* 0.25 ppm by volume, sea level equivalent, at any time above flight
level 320 (9750 m)
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* 0.10 ppm by volume, sea level equivalent, time-weighted average
during any 3 h interval above flight level 270 (8230 m)

At present, JAR 25 has no requirement for cabin ozone concen-
tration.

14 CFR/CS/JAR 25.841: Pressurized Cabins

* Maximum cabin pressure altitude is limited to 2440 m at the max-

imum aircraft operating altitude under normal operating condi-

tions.

For operation above 7620 m, a cabin pressure altitude of not more

than 4570 m must be maintained in the event of any reasonably

probable failure or malfunction in the pressurization system.

* The makeup of the cabin pressure control components, instru-
ments, and warning indication is specified to ensure the necessary
redundancy and flight crew information.

14 CFR Amendment 25-87
This revision imposes additional rules for high-altitude operation.

14 CFR/CS/JAR 25.1301: Function and Installation

Each item of installed equipment must be of a kind and design
appropriate to its intended function, be properly labeled, be installed
according to limitations specified for that equipment, and function
properly.

14 CFR/CS/JAR 25.1309: Equipment, Systems, and
Installations

» Systems and associated components must be designed such that
any failure that would prevent continued safe flight and landing is
extremely improbable, and any other failure that reduces the abil-
ity of the aircraft or crew to cope with adverse operating condi-
tions is improbable.

* Warning information must be provided to alert the crew to unsafe
system operating conditions so they can take corrective action.

* Analysis in compliance with these requirements must consider
possible failure modes, probability of multiple failures, unde-
tected failures, current operating condition, crew warning, and
fault detection.

FAR Advisory Circular AC 25.1309-1A, CS AMJ 25.1309, and
JAR ACJs 1t025.1309 define the required failure probabilities for
the various failure classifications: probable, improbable, and ex-
tremely improbable for the FAR requirements; and frequent, rea-
sonably probable, remote, and extremely remote for the CS/JAR
requirements.

14 CFR/CS 25.1438: Pressurization and
Pneumatic Systems

This standard specifies the proof and burst pressure factors for
pressurization and pneumatic systems as follows:

* Pressurization system elements
* Proof pressure: 1.5 times max normal pressure
* Burst pressure: 2.0 times maximum normal pressure
* Pneumatic system elements
* Proof pressure: 1.5 times maximum normal pressure
* Burst pressure: 3.0 times maximum normal pressure

CS/JAR 25.1438 and AMJ/ACJ 25.1438 specify the proof and
burst pressure factors for pressurization and pneumatic systems as
follows:

* Proof pressure
* 1.5 times worst normal operation
* 1.33 times worst reasonable probable failure
* 1.0 times worst remote failure
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* Burst pressure
+ 3.0 times worst normal operation
* 2.66 times worst reasonably probable failure
* 2.0 times worst remote failure
* 1.0 times worst extremely remote failure

14 CFR/CS/JAR 25.1461: Equipment Containing
High-Energy Rotors

Equipment must comply with at least one of the following three
requirements:

 High-energy rotors contained in equipment must be able to with-
stand damage caused by malfunctions, vibration, and abnormal
temperatures.

* Auxiliary rotor cases must be able to contain damage caused
by high-energy rotor blades.

* Equipment control devices must reasonably ensure that oper-
ating limitations affecting the integrity of high-energy rotors
will not be exceeded in service.

 Testing must show that equipment containing high-energy rotors
can contain any failure that occurs at the highest speed attainable
with normal speed control devices inoperative.

» Equipment containing high-energy rotors must be located where
rotor failure will neither endanger the occupants nor adversely
affect continued safe flight.

Categories and Definitions

Commercial users categorize their ECS equipment in accordance
with the Air Transport Association of America (ATAA) Specifica-
tion 100. The following ATAA chapters define ECS functions and
components:

» Chapter 21, Air Conditioning, discusses heating, cooling, moisture/
contaminant control, temperature control, distribution, and cabin
pressure control. Common system names are the air-conditioning
system (ACS) and the cabin pressure control system (CPCS).
Chapter 30, Ice and Rain Protection, covers airfoil ice protection;
engine cowl ice protection; and windshield ice, frost, or rain pro-
tection.

Chapter 35, Oxygen, includes components that store, regulate,
and deliver oxygen to the passengers and crew.

Chapter 36, Pneumatic, covers ducts and components that deliver
compressed (bleed) air from a power source (main engine or aux-
iliary power unit) to connecting points for the using systems
(which are detailed in Chapters 21, 30, and 80). The pneumatic
system is also commonly called the engine bleed air system
(EBAS).
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SHIPS
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HIS chapter covers air conditioning for oceangoing surface

vessels, including naval ships, commercial vessels, fishing
boats, luxury liners, pleasure craft, and inland and coastal boats, as
well as oil rigs. Although the general principles of air conditioning
for land installations also apply to marine applications, factors such
as weight, size, fire protection, smoke control, and corrosion resis-
tance take on greater importance, and new factors (e.g., tolerance for
pitch and roll, shipboard vibration, watertightness) come into play.

The importance of shipboard air conditioning depends on a ship’s
mission. On passenger vessels that focus completely on passenger
comfort, such as cruise ships and casino vessels, air conditioning is
vital and a significant energy consumer. Aboard commercial vessels
(tankers, bulkers, container ships, etc.), air conditioning provides an
environment in which personnel can live and work without heat
stress. Shipboard air conditioning also improves reliability of elec-
tronic and other critical equipment, as well as weapons systems
aboard naval ships. Air conditioning on oil rigs serves the same
purpose as with commercial vessels (i.e., providing a suitable envi-
ronment for workers), and for larger rigs with significant accommo-
dation areas, the amount of cooling can be substantial, similar to
passenger vessels. Oil rig applications also introduce the additional
consideration of operating within areas classified as hazardous.

This chapter discusses merchant ships, which includes passenger
and commercial vessels, and naval surface ships. In general, the
details of merchant ship air conditioning also apply to warships.
However, all ships are governed by their specific ship specifications,
and warships are often also governed by military specifications,
which ensure air-conditioning system and equipment performance
in the extreme environment of warship duty.

1. MERCHANT SHIPS

Load Calculations

The cooling load estimate considers the following factors (dis-
cussed in Chapter 18 of the 2017 ASHRAE Handbook—Fundamen-
tals):

* Solar radiation
 Heat transmission through hull, decks, and bulkheads
» Heat (latent and sensible) dissipation from occupants
* Heat gain from lights
 Heat (latent and sensible) gain from ventilation air
 Heat gain from motors or other electrical equipment
+ Heat gain from piping, machinery, and equipment
The heating load estimate should include the following:

Heat losses through decks and bulkheads
* Ventilation air
Infiltration (when specified)

In addition, the construction and transient nature of ships present
some complications, as addressed in the following:

SNAME. The Society of Naval Architects and Marine Engineers
(SNAME 2015) Technical and Research Bulletin 4-16 can be used as
a guide for shipboard load calculations.

The preparation of this chapter is assigned to TC 9.3, Transportation Air
Conditioning.

14.1

ISO. The International Organization for Standardization’s (ISO)
Standard 7547 discusses design conditions and calculations for
marine HVAC systems.

Outdoor Ambient Temperature and Humidity. The service and
type of vessel determine the proper outdoor design temperature,
which should be based on temperatures prevalent in a ship’s area of
operation. Use Chapter 14 of the 2017 ASHRAE Handbook—Funda-
mentals to select ambient conditions, with special attention paid to
high-wet-bulb data; a ship’s load is often driven by the latent load
associated with the outdoor air. It is also common for different loca-
tions to be used for cooling and heating criteria. In general, for cool-
ing, outdoor design conditions are 35°C db and 25.5°C wb; for
semitropical runs, 35°C db and 26.5°C wb; and for tropical runs,
35°C db and 28°C wb. For heating, —18°C is usually the design tem-
perature, unless the vessel will always operate in warmer climates.
Design temperatures for seawater are 32°C in summer and —2°C in
winter.

Solar Gain. Ships require special consideration for solar gain be-
cause (1) they do not constantly face in one direction and (2) the re-
flective properties of water increase solar load on outer boundaries not
directly exposed to sunlight. For compartments with only one exterior
boundary, the temperature difference (outdoor dry-bulb temperature —
indoor dry-bulb temperature) across horizontal surfaces should be in-
creased by 28 K and vertical surfaces by 17 K. For compartments with
more than one exterior boundary, the temperature difference should be
increased by 19 K for horizontal surfaces and 11 K for vertical sur-
faces. For glass surfaces, the solar cooling load (SCL) is taken to be
500 W/m? for spaces with one exterior boundary and 380 W/m? for
spaces with more than one exterior boundary. A more modern ap-
proach is to use appropriate building energy simulation software (a full
list of which is maintained by the U.S. Department of Energy) to mod-
el the ship’s accommodation spaces. These programs generally allow
building exposure to be changed globally, making it easy to examine
the change in ship loads as the route direction changes.

Infiltration. Infiltration through weather doors is generally dis-
regarded. However, specifications for merchant ships occasionally
require an assumed infiltration load for heating steering gear rooms
and the pilothouse.

Transmission Between Spaces. For heating loads, heat trans-
mission through boundaries of machinery spaces in either direction
is not of consequence. Allowances are not made for heat gain from
warmer adjacent spaces. For cooling loads, the cooling effect of ad-
jacent spaces is not considered unless temperatures are maintained
with refrigeration or air-conditioning equipment.

Ventilation Requirements. Ventilation is a very important con-
sideration, because it is frequently the main contributor to overall
energy usage of the system. Rules and guidance are provided by con-
flicting standards, including ISO Standard 7547, SNAME Technical
and Research Bulletin 4-16, and ASHRAE Standard 62.1-2016. Ul-
timately, that stated in the ship’s specification and what is acceptable
to the authority having jurisdiction (AHJ) govern ventilation require-
ments. However, given the opportunity to reduce energy (fuel) con-
sumption and the need to ensure passenger health and safety, it
behooves the system designer to apply modern tools, such as building
energy simulation and demand-controlled ventilation to optimize the
quantity of fresh air introduced under all conditions. There is a unique
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opportunity for fresh-air optimization aboard ships because the
number of passengers is fixed and each person can only be in one lo-
cation at a time. Significant overventilation that can occur by cater-
ing to the maximum fresh-air requirement in each space
simultaneously.

Heat Transmission Coefficients. The overall heat transmission
coefficients U for the composite structures common to shipboard
construction do not lend themselves to theoretical derivation; they
are usually obtained from full-scale panel tests. SNAME Bulletin
4-7 gives a method to determine these coefficients when tested data
are unavailable. ISO Standard 7547 also gives some guidance in this
area, as well as default values if better information is not available.

Indoor Air Temperature and Humidity. Thermal
environmental conditions for human occupancy are given in
ASHRAE Standard 55-2017.

People. Ships normally carry a fixed number of people. The en-
gineer must select the location where the ship’s fixed complement
of people creates the greatest heat load, and then not apply the
people load elsewhere. Note that occupants are only counted once
when determining the chiller or condensing-unit load; however, air
coils in each zone must be capable of removing the heat load asso-
ciated with the maximum number of people in the zone.

Ventilation in the zone can also be reduced when occupants are
not present. For the ventilation load, occupants are counted once, in
the location where they create the greatest ventilation requirement.
The practical way to apply this concept is by measuring CO, levels
in a space and adjusting outdoor air accordingly. Although using
this principle can reduce required chiller or condensing-unit capac-
ity on all ships, it is most significant for passenger ships.

Equipment

In general, equipment used for ships is much more rugged than
that used on land. Sections 6 through 10 of ASHRAE Standard 26
list HVAC equipment requirements for marine applications. When
selecting marine duty air-conditioning equipment, consider the fol-
lowing:

« It should function properly under dynamic roll and pitch and
static trim and heel conditions. This is especially important for
compressor oil sumps, oil separators, refrigerant drainage from a
condenser and receiver, accumulators, and condensate drainage
from drain pans.

* Construction materials should withstand the corrosive effects of
salt air and seawater. Materials such as stainless steel, nickel-
copper, copper-nickel, bronze alloys, and hot-dipped galvanized
steel are used extensively.

« It should be designed for uninterrupted operation during the voy-
age and continuous year-round operation. Because ships en route
cannot be easily serviced, some standby capacity, spare parts for
all essential items, and extra oil and refrigerant charge should be
carried.

« It should have no objectionable noise or vibration, and must meet
noise criteria required by the ship’s specification.

« It should occupy minimum space, commensurate with its cost and
reliability. Mass should also be minimized.

* A ship may pass through one or more complete cycles of seasons
on a single voyage and may experience a change from winter to
summer operation in a matter of hours. Systems should be
flexible enough to compensate for climatic changes with minimal
attention from the ship’s crew.

The following general items should be considered when
selecting specific air conditioning components:

Fans. Fans must be selected for stable performance over their full
range of operation and should have adequate isolation to prevent

2019 ASHRAE Handbook—HVAC Applications (SI)

transmitting vibration to the deck. Because fan rooms are often adja-
cent to or near living quarters, effective sound treatment is essential.

Cooling Coils. If more than 30% outdoor air is brought across a
cooling coil, consider using copper tube, copper fin, epoxy-coated
coils, or other special treatment. To account for the ship’s move-
ment, drain pans should have two drain connections, and should ide-
ally be dual sloping, with extra depth. Because of size constraints,
care must be taken to prevent moisture carryover. Face velocity
limits (in m/s) for different coil materials and different fin spacing
are as follows:

Fin Spacing, mm Aluminum Fins Copper or Coated Fins
32 2.8 2.6
2.3 2.8 2.1
1.8 2.8 1.9

Off-coil temperatures are another concern. Ships typically have
low ceiling heights and cannot tolerate low air-introduction tem-
peratures. Typically 12.8°C db and 12.2°C wb are used as limiting
off-coil temperatures.

Electric Heaters. U.S. Coast Guard (USCG) approved sheathed-
element heaters are typically required. The only exception is when
the electric heaters, approved by a regulatory body such as UL, are
incorporated in a packaged unit.

Air Diffusers. Care must be taken with selection of air diffusers
because of the low ceilings typical of shipboard applications.

Air-Conditioning Compressors. Compressors of all types are
used for marine applications. Care must be taken when using a cen-
trifugal compressor because low-load, high-condensing tempera-
ture is a common off-load condition.

When high discharge temperatures are a concern, seawater-
cooled heads are not normally an option; other methods such as fan
cooling or liquid injection must be considered for maintaining
acceptable discharge temperatures.

Typical Systems

All types of systems may be considered for each marine applica-
tion. The systems are the same as in land applications; the difference
is the relative weighting of their advantages and disadvantages for
marine use. This section does not review all the systems used aboard
ships, but rather some of the more common ones.

Direct refrigerant cooling systems are often used for small,
single-zone applications. Aboard ships, places like control rooms
and pilot houses lend themselves to a direct refrigerant system. For
larger spaces, air distribution is of more concern; direct refrigerant
cooling is thus less likely to be the optimum solution.

Two-pipe and four-pipe fan coil systems are often used for
large systems. The water piping used in these systems takes up only
a fraction of the space used by an all-air ducted system. Fan noise in
the space being cooled is the disadvantage. In addition, limited hu-
midity control and fresh-air requirements often need to be addressed
separately.

Many types of all-air systems are used aboard ships. Space, cost,
noise, and complexity are among the leading parameters when
comparing different all-air systems. Using high-velocity air distri-
bution for an all-air system offers many advantages; unitary (factory-
assembled) central air-handling equipment and prefabricated piping,
clamps, and fittings facilitate installation for both new construction
and conversions. Substantial space-saving is possible compared to
conventional low-velocity sheet metal ducts. Maintenance is also
reduced. Noise is the one major drawback of a high-velocity system,
which often leads to selection of a low-velocity system.

Terminal reheat air conditioning (described in Chapter 4 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment) is com-
monly used because of its simplicity and good zone control charac-
teristics. However, as systems become larger, this system’s energy
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inefficiency becomes a significant drawback. For large passenger
ships, where energy efficiency is absolutely essential, the designer
should consider more modern approaches. One method is delivering
tempered ventilation air from a central-station air handler to the pas-
senger staterooms, each of which is outfitted with a dedicated cabin
fan-coil unit, including a chilled-water-cooling and hot-water-heat-
ing coil. The individual cabin is then either heated or cooled from a
neutral temperature, using central loops, depending on specific
needs. The efficiency of this approach is further improved by having
reclaimed heat sources (e.g., from the central chillers or the main
engine cooling system) to maintain the hot-water loop temperature.

Dual-duct systems (also described in Chapter 4 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment) have the fol-
lowing advantages:

» All conditioning equipment is centrally located, simplifying
maintenance and operation

» Can heat and cool adjacent spaces simultaneously without cycle
changeover and with minimum automatic controls

» Because only air is distributed from fan rooms, no water or steam
piping, electrical equipment, or wiring are in conditioned spaces

The major drawback is the inability to finely control temperature
and humidity. This disadvantage is enough to preclude the use of
these systems in many passenger vessel applications.

Aboard ships, constant-volume systems are most common.
Their advantages include simplicity (for maintenance, operation, and
repair) and low cost. However, for large passenger vessels, the
energy efficiency and the tight control of zone temperature make
variable-volume/temperature systems very attractive.

Air Distribution Methods

Good air distribution in staterooms and public spaces is difficult
to achieve because of low ceiling heights and compact space ar-
rangements. Design should consider room dimensions, ceiling
height, volume of air handled, air temperature difference between
supply and room air, location of berths, and allowable noise. For
major installations, mock-up tests are often used to establish
exacting performance criteria.

Airusually returns from individual small spaces either by a sight-
tight louver mounted in the door or by an undercut in the door
leading to the passageway. An undercut door can only be used with
air quantities of 35 L/s or less. Louvers are usually sized for face
velocity of 2 m/s based on free area.

Ductwork on merchant ships is generally constructed of steel.
Ducts, other than those requiring heavier construction because of
susceptibility to damage or corrosion, are usually made with riveted
seams sealed with hot solder or fire-resistant duct sealer, welded
seams, or hooked seams and laps. They are made of hot-dipped, gal-
vanized, copper-bearing sheet steel, suitably stiffened externally.
The minimum thickness of material is determined by the diameter
of round ducts or by the largest dimension of rectangular ducts, as
listed in Table 1.

The increased use of high-velocity, high-pressure systems has
resulted in greater use of prefabricated round pipe and fittings,
including spiral-formed sheet metal ducts. It is important that field-
fabricated ducts and fittings be airtight. Using factory-fabricated
fittings, clamps, and joints effectively minimizes air leakage for
these high-pressure ducts.

In addition to the space advantage, small ductwork saves mass,
another important consideration for this application.

Control

The conditioning load, even on a single voyage, varies over a wide
range within short periods. Not only must the refrigeration plant
meet these load variations, but the controls must readily adjust the
system to sudden climatic changes. Accordingly, it is general prac-

14.3
Table 1 Minimum Thickness of Steel Ducts

All vertical exposed ducts 16 USSG 1.52 mm
Horizontal or concealed vertical ducts

less than 150 mm 24 USSG 0.62 mm

160 to 300 mm 22 USSG 0.76 mm

310 to 460 mm 20 USSG 0.91 mm

470 to 760 mm 18 USSG 1.21 mm

over 760 mm 16 USSG 1.52 mm

tice to equip the plant with automatic controls. Increasingly, fully
communicating network controls are being applied to optimize oper-
ation of the entire system under transient conditions. Moreover, such
controls now can collect large amounts of operational data and offer
proactive diagnostics based on these data, helping the ship operator
maximize efficiency and reliability throughout the life cycle.

Regulatory Agencies

Merchant vessels that operate under the U.S. flag come under the
jurisdiction of the U.S. Coast Guard. Accordingly, the installation
and components must conform to the Marine Engineering Rules and
Marine Standards of the Coast Guard covered under the Guide to
Structural Fire Protection (USCG 2010).

Certified pressure vessels and electric components approved by
independent agencies (e.g., ASME, UL) must be used. Wherever
possible, equipment used should comply with ABS rules and regula-
tions. This is especially important when vessels are equipped for car-
rying cargo refrigeration, because air-conditioning compressors may
serve as standby units in the event of a cargo compressor failure. This
compliance eliminates the need for a separate, spare cargo compres-
sor. The International Convention for the Safety of Life at Sea
(SOLAS) (IMO 2014) governs the use of fire-dampers and duct wall
thickness when passageways or fire boundaries are crossed.

2. NAVAL SURFACE SHIPS

Design Criteria

Outdoor Ambient Temperature. Design conditions for naval
vessels have been established as a compromise, considering the
large cooling plants required for internal heat loads generated by
machinery, weapons, electronics, and personnel. Temperatures of
32°C db and 27°C wb are used for worldwide applications, with
29.5°C seawater temperatures. Heating-season temperatures are —
12°C for outdoor air and —2°C for seawater.

Indoor Temperature. Naval ships are generally designed for
space temperatures of 26.5°C db with a maximum of 55% rh for
most areas requiring air conditioning. USN (1969) gives design
conditions established for specific areas, and USMA (1965) lists
temperatures for ventilated spaces.

Ventilation Requirements. As for merchant ships, there is con-
flicting guidance regarding ventilation requirements; see ISO Stan-
dard 7547, SNAME Technical and Research Bulletin 4-16, and
ASHRAE Standard 62.1-2016.Ventilation must meet the require-
ments of the ship’s specification and the U.S. government, but as
with merchant ships, the system designer should apply modern
tools, such as building energy simulation and demand controlled
ventilation, to optimize the quantity of fresh air introduced under all
conditions, ensuring safe operation and technical justification.

Air-Conditioned Spaces. Naval ship design requires that air-
conditioning systems serving living and berthing areas on surface
ships replenish air in accordance with damage control classifica-
tions, as specified in USN (1969):

* Class Z systems: 2.4 L/s per person
» Class W systems for troop berthing areas: 2.4 L/s per person
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All other Class W systems: 4.7 L/s per person. The flow rate is in-
creased only to meet either a 35 L/s minimum branch requirement
or to balance exhaust requirements. Outdoor air should be kept at
a minimum to limit the size of the air-conditioning plant.

Load Determination

The cooling load estimate consists of coefficients from USN’s
Design Data Sheet DDS511-2, General Specifications for Building
Naval Ships, or Document 0938-018-0010 (USN 1969) and has
allowances for the following:

* Solar radiation

* Heat transmission through hull, decks, and bulkheads
» Heat (latent and sensible) gain of occupants

 Heat gain from lights

* Heat (latent and sensible) gain from ventilation air
Heat gain from motors or other electrical equipment
Heat gain from piping, machinery, and equipment

Loads should be derived from requirements indicated in USN
(1969). The heating load estimate should include the following:

» Heat losses through hull, decks, and bulkheads
* Ventilation air
« Infiltration (when specified)

Some electronic spaces listed in USN (1969) require adding 15%
to the calculated cooling load for future growth and using one-third
of the cooling-season equipment heat dissipation (less the 15%
added for growth) as heat gain in the heating season.

Heat Transmission Coefficients. The overall heat transmission
coefficient U between the conditioned space and the adjacent bound-
ary should be estimated from USN’s Design Data Sheet DDS511-2.
Where new materials or constructions are used, new coefficients may
be used from SNAME (2015) or calculated using methods found in
DDS511-2 and SNAME.

Heat Gain from People. USN (1969) gives heat gain values for
people in various activities and room conditions.

Heat Gain from Sources in the Space. USN (1969) gives heat
gain from lights and motors driving ventilation equipment. Heat
gain and use factors for other motors and electrical and electronic
equipment may be obtained from the manufacturer or from Chapter
18 of the 2017 ASHRAE Handbook—Fundamentals.

Equipment Selection

The equipment described for merchant ships also applies to U.S.
naval vessels, except as follows:

Fans. A family of standard fans is used by the navy, including
vaneaxial, tubeaxial, and centrifugal fans. Selection curves used
for system design are found on USN’s NAVSEA Standard Draw-
ings 810-921984, 810-925368, and 803-5001058. Manufacturers
are required to furnish fans that are dimensionally identical to the
standard plan and within 5% of the delivery. No belt-driven fans are
included.

Cooling Coils. The U.S. Navy uses eight standard sizes of direct-
expansion and chilled-water cooling coils. All coils have eight rows
in the direction of airflow, with a face area range of 0.06 to 0.93 m2.

Coils are selected for a face velocity of 2.5 m/s maximum; how-
ever, sizes 54 DW to 58 DW may have face velocity up to 3.2 m/s if
the bottom of the duct on the discharge is sloped up at 15° for a dis-
tance equal to the height of the coil. Construction and materials are
specified in MIL-PRF-2939G.

Chilled-water coils are most common and are selected based on
7.2°C inlet water with approximately a 3.7 K rise in water tempera-
ture through the coil. This is equivalent to 65 mL/s per kilowatt of
cooling.

Heating Coils. The standard naval steam and electric duct
heaters have specifications as follows:

2019 ASHRAE Handbook—HVAC Applications (SI)

Steam Duct Heaters

* Maximum face velocity is 9.1 m/s.
* Preheater leaving air temperature is 5.5 to 10°C.
» Steam heaters are served from a 350 kPa (gage) steam system.

Electric Duct Heaters

* Maximum face velocity is 7.1 m/s.

» Temperature rise through the heater is per MIL-PRF-22594C, but
is in no case more than 27 K.

Power supply for the smallest heaters is 120 V, three-phase, 60 Hz.
All remaining power supplies are 440 V, three-phase, 60 Hz.
Pressure drop through the heater must not exceed 85 Pa at 5 m/s.
Use manufacturers’ tested data in system design.

Filters. Characteristics of the seven standard filter sizes used by
the U.S. Navy are as follows:

« Filters are available in steel or aluminum.

« Filter face velocity is between 1.9 and 4.6 m/s.

« A filter-cleaning station on board ship includes facilities to wash,
oil, and drain filters.

Air Diffusers. Although the U.S. Navy also uses standard dif-
fusers for air conditioning, they are generally a commercial type
similar to those used for merchant ships.

Air-Conditioning Compressors. In the past, the U.S. Navy pri-
marily used reciprocating compressors up to approximately 530 kW;
for larger capacities, open, direct-drive centrifugal compressors are
used. On new designs, the U.S. Navy primarily uses rotary compres-
sors (e.g., screw and centrifugal), frequently semihermetic. R-134a
is the U.S. Navy’s primary refrigerant. Seawater is used for con-
denser cooling at 90 mL/s per kilowatt for reciprocal compressors
and 72 mL/s per kilowatt for centrifugal compressors, but in all
cases, the maximum seawater velocity of 1.8 m/s must be deferred
to in order to prevent tube erosion.

Typical Air Systems

On naval ships, zone reheat is used for most applications. Some
ships with sufficient electric power use low-velocity terminal reheat
systems with electric heaters in the space. Some newer ships use a
fan-coil unit with fan, chilled-water cooling coil, and electric
heating coil in spaces with low to medium sensible heat per unit area
of space requirements. The unit is supplemented by conventional
systems serving spaces with high sensible or latent loads.

Air Distribution Methods

Methods used on naval ships are similar to those discussed in the
section on Merchant Ships. The minimum thickness of materials for
ducts is listed in Table 2.

Control

The navy’s principal air-conditioning control uses a two-position
dual thermostat that controls a cooling coil and an electric or steam
reheater. This thermostat can be set for summer operation and does
not require resetting for winter operation.

Steam preheaters use a regulating valve with (1) a weather bulb
controlling approximately 25% of the valve’s capacity to prevent
freeze-up, and (2) a line bulb in the duct downstream of the heater
to control the temperature between 5.5 and 10°C.

Other controls are used to suit special needs. Pneumatic/electric
controls can be used when close tolerances in temperature and
humidity control are required, as in operating rooms. Thyristor con-
trols are sometimes used on electric reheaters in ventilation systems.

Modern ship designs use fully communicating networked con-
trols that optimize system operation and provide useful data and
feedback to the operator. The Navy is increasingly implementing
energy-saving measures aboard all of its ships.
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Table 2 Minimum Thickness of Materials for Ducts

Sheet for Fabricated Ductwork

Non-Watertight Watertight
Diameter or Galvanized Galvanized
Longer Side Steel Aluminum Steel Aluminum
Up to 150 0.46 0.64 1.90 2.69
160 to 300 0.76 1.02 2.54 3.56
310 to 460 0.91 1.27 3.00 4.06
470 to 760 1.22 1.52 3.00 4.06
Above 760 1.52 2.24 3.00 4.06
Welded or Seamless Aluminum Tubing
Tubing Size Non-Watertight Watertight
50 to 150 0.89 2.69
160 to 300 1.27 3.56
Spirally Wound Duct (Non-Watertight)
Diameter Steel Aluminum
Up to 200 0.46 0.64
Over 200 0.76 0.81

Note: All dimensions in millimetres.
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HIS chapter addresses air-conditioning systems for industrial

facilities such as manufacturing plants, laboratories, processing
plants, and power plants. HVAC systems provide the process envi-
ronment (including temperature, humidity, air motion, air quality,
noise, and cleanliness) to facilitate industrial processes and provide
for the health, safety, and comfort of personnel.

Many industrial buildings require large amounts of energy, in both
manufacturing and maintaining building environmental conditions.
This chapter provides system and building design guidance for energy
conservation by using insulation, ventilation, and waste heat recovery.

1. GENERAL REQUIREMENTS

Typical temperatures, relative humidities, and specific filtration
requirements for storage, manufacture, and processing of various
commodities are listed in Table 1. Requirements for a specific appli-
cation may differ from those in the table.

Industrial processes or regulatory requirements may change over
time; thus, systems should be able to provide for future requirements
(to the extent practical).

Outdoor design requirements and indoor temperature, humidity,
cleanliness, noise, and allowable variations should be established by
agreement with the owner. A compromise between requirements for
product or process conditions and those for comfort may optimize
quality and production costs.

An environment that allows a worker to safely perform assigned
duties without fatigue caused by temperature and humidity may
enhance performance.

Special Warning: Some industrial spaces may contain
flammable, combustible, and/or toxic concentrations of vapors or
dusts under either normal or abnormal conditions. In spaces such as
these, there are safety issues that this chapter may not completely ad-
dress. Special precautions must be taken in accordance with require-
ments of recognized authorities such as the National Fire Protection
Association (NFPA), the Occupational Safety and Health Adminis-
tration (OSHA), the American Conference of Governmental Indus-
trial Hygienists (ACGIH), and the American National Standards
Institute (ANSI). In all situations, engineers, designers, and
installers who encounter conflicting codes and standards must defer
to the code or standard that best addresses personnel safety.

The cascade-ventilation-system design for toxic agents or similar
hazardous materials is a potential fit for such facilities. This can in-
clude a once-through, “push-pull” system, drawing air from the
highly toxic areas to lower ones, with air change rates varying from
10 to 60 ach; pressures from —808.6 Pa to—62.2 Pa; and temperatures
of 10 to 38°C. Applicable federal, state, and industry codes, and
standards must be applied in the design of these facilities.

The preparation of this chapter is assigned to TC 9.2, Industrial Air Condi-
tioning.

15.1

Terminology

The supply system includes air-handling units (AHUs) with
steam and hot water heating and chilled water cooling coils,
ductwork, dampers, and accessories.

Transfer air (TA) assemblies consist of ductwork, dampers,
blast valves, fast-actuating dampers, and accessories.

The exhaust air filtration system includes exhaust air filter
units (EAFUs) with two HEPA filters and six charcoal filters to cap-
ture highly toxic agent vapors, ductwork, dampers, accessories, and
stacks.

The HVAC units are powered by off-site and essential power, and
the instrumentation and facility control system (FCS) are fed
from uninterruptible power supply (UPS). FCS is a safety instru-
mented system (SIS).

2. PROCESS AND PRODUCT REQUIREMENTS

An industrial product or process may require control of the indoor
environment if it affects one or more of the following factors.

Rate of Chemical Reaction

Some processes require temperature and humidity control to reg-
ulate chemical reactions. In rayon manufacturing, for example, pulp
sheets are conditioned, cut to size, and mercerized. The temperature
directly controls the rate of reaction, and the relative humidity main-
tains the solution at a constant strength and rate of evaporation.

In drying varnish, oxidizing depends on temperature. Desirable
temperatures vary with the type of varnish. High relative humidity
retards surface oxidation and allows internal gases to escape as
chemical oxidizers cure the varnish from within. Thus, a bubble-
free surface is maintained with a homogeneous film throughout.

Rate of Crystallization

The cooling rate determines the size of crystals formed from a
saturated solution. Both temperature and relative humidity affect the
cooling rate and change the solution density by evaporation.

In coating pans for pills, a heavy sugar solution is added to the
tumbling mass. As water evaporates, sugar crystals cover each pill.
Moving the correct quantity of air over the pills at the correct tem-
perature and relative humidity forms a smooth, opaque coating. If
cooling and drying are too slow, the coating will be rough, translu-
cent, and have an unsatisfactory appearance. If the cooling and
drying are too fast, the coating will chip through to the interior.

Rate of Biochemical Reaction

Fermentation requires both temperature and humidity control to
regulate the rate of biochemical reactions. Many fermentation vessels
are jacketed to maintain consistent internal temperatures. Fermentors
are held at different temperatures, depending on the process involved.
In brewing, typical fermentor temperatures range from 7 to 11°C.
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Table 1 Design Requirements for Industrial Air Conditioning!

Process Dry Bulb, °C rh, % Process Dry Bulb, °C rh, %
ABRASIVE FOUNDRIES*

Manufacture 26 50 Core making 16to 21
CERAMICS Mold making

Refractory 43t066  50to 90 Bench work 16to 21

Molding room 27 60 to 70 Floor work 13t0 18

Clay storage 16t027  35to0 65 Pouring 4

Decalcomania production 24 to 27 48 Shakeout 4to0 10

Decorating room 24 to 27 48 Cleaning room 13t0 18

Use high-efficiency (MERV 13 or better) in decorating room. To mini-
mize the danger of silicosis in other areas, a dust-collecting system or
medium-efficiency particulate air filtration may be required.

DISTILLING

16t024  45to 60
18 to 22 50 to 60

Low humidity and dust control are important where grains are ground.
Use high-efficiency filtration for all areas to prevent mold spore and bacteria
growth. Use ultrahigh-efficiency filtration where bulk flash pasteurization is
performed.

General manufacturing

Aging

*Winter dressing room temperatures. Spot coolers are sometimes used in larger
installations.

In mold making, provide exhaust hoods at transfer points with wet-
collector dust removal system. Use 280 to 380 L/s per hood, with a target
capture velocity of approximately 2.5 my/s.

In shakeout room, provide exhaust hoods with wet-collector dust removal
system. Exhaust 190 to 240 L/s in grate area. Room ventilators are generally
not effective.

In cleaning room, provide exhaust hoods for grinders and cleaning equip-
ment with dry cyclones or bag-type collectors. In core making, oven and
adjacent cooling areas require fume exhaust hoods. Pouring rooms require
two-speed powered roof ventilators. Design for minimum of 10 L/s of floor

ELECTRICAL PRODUCTS area at low speed. Shielding is required to control radiation from hot sur-
Electronics and x-ray faces. Proper introduction of air minimizes preheat requirements.
Coil and transformer winding 22 15
Semiconductor industry 21 45
Electrical instruments FUR
Manufacture and laboratory 21 50to 55 Drying 43
Thermostat assembly and calibration 24 50 to 55 Shock treatment —8to—7
Humidistat assembly and calibration 24 50 to 55 Storage 4to 10 55 to 80
Small mechanisms Shock treatment or eradication of any insect infestations requires lower-
Close tolerance assembly 2 40 to 45 ing the temperature to —8 to —7°C for 3 to 4 days, then raising it to 16 to
21°C for 2 days, then lowering it again for 2 days and raising it to the stor-
Meter assembly and test 24 60 to 63 age temperature.
Switchgear Furs remain pliable, oxidation is reduced, and color and luster are pre-
Fuse and cutout assembly 23 50 served when stored at 4 to 10°C. o
. Lo Humidity control is required to prevent mold growth (which is prevalent
Capacitor winding 23 50 with humidities above 80%) and hair splitting (which is common with
Paper storage 23 50 humidities lower than 55%).
Conductor wrapping with yarn 24 65to 70
Lightning arrester assembly 20 20 to 40 GUM
Thermal circuit breakers assembly and test 24 30 to 60 Manufacturing 25 33
High-voltage transformer repair 26 5 Rolling 20 63
Water wheel generators Stripping 22 53
Thrust runner lapping 21 30 to 50 Breaking 23 47
Rectifiers Wrapping 23 58
Processing selenium and copper oxide plates 23 30 to 40
*Temperature to be held constant. LEATHER
Dust control is essential in these processes. Minimum control requires :
medium-efficiency filters (MERYV 11 or better). Degree of filtration depends Drying ) 201052 75
on the type of function in the area. Smaller tolerances and miniature compo- Storage, winter room temperature 10to 16 40 to 60

nents suggest high-efficiency particulate air (HEPA) filters.

FLOOR COVERING
Linoleum
Mechanical oxidizing of linseed oil* 32 to 38
Printing 27
Stoving process 70 to 120

After leather is moistened in preparation for rolling and stretching, it is
placed in an atmosphere of room temperature and 95% relative humidity.

Leather is usually stored in warehouses without temperature and humidity
control. However, it is necessary to keep humidity sufficiently low to prevent
mildew. Medium-efficiency particulate air filtration is recommended for fine
finish.

*Precise temperature control required.
Medium-efficiency particulate air filtration is recommended for the stov-

ing process.

LENSES (OPTICAL)
Fusing 24 45
Grinding 27 80
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Table 1 Design Requirements for Industrial Air Conditioning! (Continued)
Process Dry Bulb, °C rh, % Process Dry Bulb, °C rh, %
MATCHES PLASTICS
Manufacture 22 to 23 50 Manufacturing areas
Drying 21to24 60 Thermosetting molding compounds 27 25 to 30
Storage 16 to 17 50 Cellophane wrapping 24 t0 27 45 to 65

Water evaporates with the setting of the glue. The amount of water evapo-
rated is 8 to 9 kg per million matches. The actual match production rate must
be known to determine the actual moisture load in the space.

In manufacturing areas where plastic is exposed in the liquid state or
molded, high-efficiency particulate air filters may be required. Dust collection
and fume control are essential.

PAINT APPLICATION PLYWOOD
Lacquers: Baking 150 to 180 Hot pressing (resin) 32 60
Oil paints: Paint spraying 16 to 32 80 Cold pressing 32 15t0 25
The required air filtration efficiency depends on the painting process. On RUBBER-DIPPED GOODS
fine 'ﬁnishes, such as car bodies, high-efficiency particulat'e air filters are Manufacture 1
required for the outdoor air supply. Other products may require only low- or
medium-efficiency filters. Cementing 27 2510 30*
queu_p air must _be preheated. Spray booths must have 0:5_ m/s face Dipping surgical articles 24027 25 to 30*
velocity if spraying is performed by humans; lower air quantities can be ]
used if robots perform spraying. Ovens must have air exhausted to maintain ~ Storage prior to manufacture 16 to 24 40 to 50*
fumes below explosive concentration. Equipment must be explosion-proof.  Testing laboratory 23 50*

Exhaust must be cleaned by filtration and solvents reclaimed or scrubbed.

PHOTO STUDIO
Dressing room 22t023 40to 50
Studio (camera room) 22t023 40to 50
Film darkroom 21t022 45to55
Print darkroom 21t022 45to55
Drying room 32t038 35to45
Finishing room 22t024  40to 55
Storage room (black and white film and paper) 22t024  40to 60
Storage room (color film and paper) 40to 50 40 to 50
Motion picture studio 22 40 to 55

The above data pertain to average conditions. In some color processes,
elevated temperatures as high as 40°C are used, and a higher room tempera-
ture is required.

Conversely, ideal storage conditions for color materials necessitate refrig-
erated or deep-freeze temperatures to ensure quality and color balance when
long storage times are anticipated.

Heat liberated during printing, enlarging, and drying processes is
removed through an independent exhaust system, which also serves the
lamp houses and dryer hoods. All areas except finished film storage require
a minimum of medium-efficiency particulate air filters.

*Dew point of air must be below evaporation temperature of solvent.

Solvents used in manufacturing processes are often explosive and toxic,
requiring positive ventilation. Volume manufacturers usually install a solvent
recovery system for area exhaust systems.

TEA
Packaging 18 65

Ideal moisture content is 5 to 6% for quality and mass. Low-limit moisture
content for quality is 4%.

TOBACCO
Cigar and cigarette making 21to24 55 to 65*
Softening 32 85 to 88
Stemming and stripping 24 t0 29 70 to 75
Packing and shipping 231024 65
Filler tobacco casing and conditioning 24 75
Filter tobacco storage and preparation 25 70
Wrapper tobacco storage and conditioning 24 75
*Relative humidity fairly constant with range as set by cigarette machine.
Before stripping, tobacco undergoes a softening operation.

TOXIC AGENTS/HAZARDOUS MATERIALS

Process areas 20 to 39 <65

IFiltration as discussed in the table should correspond to the following minimums as defined in ASHRAE Standard 52.2:

MERV 7 to MERV 8
MERYV 10 to MERV 12

Low efficiency
Medium efficiency

High efficiency MERV 13 to MERV 14
Ultrahigh efficiency MERV 15
HEPA MERYV 17 to MERYV 20

The process engineer and owner should determine the process and HVAC filtration specifications for the specific application.

Because of vessel jacketing, tight control of room temperature may
not be required. Usually, space temperatures should be held as close
as practical to the process temperature inside the fermentation vessel.

Designing such spaces should take into account gases and other by-
products generated by fermentation. Typically, carbon dioxide is the
most prevalent by-product of fermentation in brewing and presents the
greatest potential hazard if a fermentor overpressurizes the seal. Pro-
vide adequate ventilation in case carbon dioxide escapes the process.

In biopharmaceutical processes, hazardous organisms can escape
a fermentor; design of spaces using those fermentors should allow

containment. Heat gains from steam-sparged vessels should also be
accounted for in such spaces.

Product Accuracy and Uniformity

Air temperature and cleanliness affect quality in manufacturing
precision instruments, lenses, and tools. When manufacturing toler-
ances are within 5 um, close temperature control (typically +2.8 K)
prevents expansion and contraction of the material; constant tem-
perature over time is more important than the temperature level.
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Table 2 Regain of Hygroscopic Materials*

Relative Humidity

Classification Material Description 10 20 30 40 50 60 70 80 920

Natural Cotton Sea island—roving 2.5 3.7 4.6 5.5 6.6 7.9 9.5 11.5 14.1

textile Cotton American—cloth 2.6 3.7 44 52 5.9 6.8 8.1 10.0 143

fibers Cotton Absorbent 4.8 9.0 12.5 15.7 18.5 20.8 228 243 25.8

Wool Australian merino—skein 4.7 7.0 8.9 10.8 12.8 14.9 17.2 19.9 234

Silk Raw chevennes—skein 3.2 5.5 6.9 8.0 8.9 10.2 11.9 14.3 18.3

Linen Table cloth 1.9 2.9 3.6 43 5.1 6.1 7.0 8.4 10.2

Linen Dry spun—yarn 3.6 5.4 6.5 7.3 8.1 8.9 9.8 11.2 13.8

Jute Average of several grades 3.1 5.2 6.9 8.5 10.2 12.2 14.4 17.1 20.2

Hemp Manila and sisal rope 2.7 4.7 6.0 7.2 8.5 9.9 11.6 13.6 15.7

Rayons Viscose nitrocellulose Average skein 4.0 5.7 6.8 7.9 9.2 10.8 12.4 14.2 16.0

Cuprammonium 0.8 1.1 1.4 1.9 2.4 3.0 3.6 43 53

cellulose acetate

Paper M.F. newsprint Wood pulp—24% ash 2.1 3.2 4.0 4.7 53 6.1 7.2 8.7 10.6

H.M.F. writing Wood pulp—3% ash 3.0 42 52 6.2 7.2 8.3 9.9 11.9 14.2

White bond Rag—1% ash 24 3.7 4.7 5.5 6.5 7.5 8.8 10.8 13.2

Comm. ledger 75% rag—1% ash 3.2 4.2 5.0 5.6 6.2 6.9 8.1 10.3 13.9

Kraft wrapping Coniferous 3.2 4.6 5.7 6.6 7.6 8.9 10.5 12.6 14.9

Miscellaneous Leather Sole oak—tanned 5.0 8.5 11.2 13.6 16.0 18.3 20.6 24.0 29.2

organic Catgut Racquet strings 4.6 7.2 8.6 10.2 12.0 14.3 17.3 19.8 217

materials Glue Hide 34 4.8 5.8 6.6 7.6 9.0 10.7 11.8 12.5
Rubber Solid tires 0.11 0.21 032 044 054 066 076 088 099

Wood Timber (average) 3.0 44 59 7.6 9.3 11.3 14.0 17.5 22.0

Soap White 1.9 3.8 5.7 7.6 10.0 12.9 16.1 19.8 238

Tobacco Cigarette 54 8.6 11.0 133 16.0 19.5 25.0 335 50.0
Miscellaneous Asbestos fiber Finely divided 0.16 024 026 032 041 0.51 062 073 0.84

inorganic Silica gel 5.7 9.8 12.7 15.2 17.2 18.8 202 215 226
materials Domestic coke 0.20 0.40 0.61 0.81 1.03 1.24 1.46 1.67 1.89

Activated charcoal Steam activated

Sulfuric acid

7.1 143 228 262 283 292 300 311 32.7
330 410 475 52.5 57.0 615 67.0 735 82.5

*Moisture content expressed in percent of dry mass of the substance at various relative humidities, temperature 24°C.

Usually, conditions are selected for personnel comfort and to
prevent a film of moisture on the surface. A high-efficiency par-
ticulate air (HEPA) or ultralow-penetration air (ULPA) filter may
be required.

Product Formability

Manufacturing pharmaceutical tablets requires close control of
humidity for optimum tablet formation. Tableting typically requires
less than 40% rh at 20°C.

Moisture Regain

Air temperature and relative humidity markedly influence pro-
duction rate and product mass, strength, appearance, and quality in
manufacturing or processing hygroscopic materials such as textiles,
paper, wood, leather, and tobacco. Moisture in vegetable and animal
materials (and some minerals) reaches equilibrium with moisture in
the surrounding air by regain (the percentage of absorbed moisture
in a material compared to that material’s bone-dry mass). For exam-
ple, if a material sample with a mass of 2.5 kg has a mass of only
2.25 kg after thorough drying under standard conditions of 105 to
110°C, the mass of absorbed moisture is 0.25 kg, 10% of the sam-
ple’s bone-dry mass. Therefore, the regain is 10%.

Table 2 lists typical regain values for materials at 24°C in equilib-
rium at various relative humidities. Temperature change affects the
rate of absorption or drying, which generally varies with the thick-
ness, density, and nature of the material. Sudden temperature changes
cause slight changes in regain even with fixed relative humidity, but
the major change occurs as a function of relative humidity.

Hygroscopic materials deliver sensible heat to the air in an
amount equal to the latent heat of the absorbed moisture. The
amount of heat liberated should be added to the cooling load if it is
significant, but it is usually quite small. Manufacturing economy

requires regain to be maintained at a level suitable for rapid and
satisfactory manipulation. Uniform relative humidity allows high-
speed machinery to operate efficiently.

Some materials may be exposed to the required humidity
during manufacturing or processing, and others may be treated
separately after conditioning and drying. Conditioning removes or
adds hygroscopic moisture. Drying removes both hygroscopic
moisture and free moisture in excess of that in equilibrium. Drying
and conditioning can be combined to remove moisture and accu-
rately regulate the final moisture content in products such as
tobacco and textiles. Conditioning or drying is frequently a con-
tinuous process in which the material is conveyed through a tunnel
and subjected to controlled atmospheric conditions. For more
detail, see Chapter 24 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment.

Corrosion, Rust, and Abrasion

In manufacturing metal products, temperature and relative hu-
midity must be kept sufficiently low to prevent hands from sweating,
thus protecting the finished article from fingerprints, tarnish, and/or
etching. Salt and acid in perspiration can cause corrosion and rust in
as little as a few hours. Manufacture of polished surfaces and of steel-
belted radial tires usually requires medium-efficiency to HEPA fil-
tering to prevent surface abrasion.

Air Cleanliness

Each application must be evaluated to determine the filtration
needed to counter the adverse effects on the product or process of
dust particles, airborne bacteria, smoke, spores, pollen, and radio-
active particles. These effects include chemically altering production
material, spoiling perishable goods, and clogging small openings in
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precision machinery. See Chapter 29 of the 2016 ASHRAE Hand-
book—HVAC Systems and Equipment for details.

Static Electricity

Static electricity is often detrimental in processing light materi-
als such as textile fibers and paper, and extremely dangerous where
potentially explosive atmospheres or materials are present. Static
electric charges are generally minimized when relative humidity is
above 35%. Room relative humidity may need to be maintained at
65% or higher because machinery heat raises the machine ambient
temperature well above the room temperature, creating localized
areas of low relative humidity. Such areas could be sources of static
electricity. The parts assembly area of an ammunition plant should
have design conditions of 24°C and 40 to 60% rh. In addition, air-
moving equipment (fans) should be spark resistant.

According to NFPA Standard 77, humidification increases a
material’s surface conductivity, but the static electric charge dissi-
pates only if there is a conductive path to ground.

However, humidification is not a cure-all for static electricity
problems. Some insulators do not adsorb or absorb moisture from the
air, and high humidity does not noticeably decrease their surface
resistivity. Examples include uncontaminated surfaces of some poly-
meric materials (e.g., plastic piping and containers, films), and the
surface of petroleum liquids. These surfaces can accumulate static
electric charge even when the atmosphere has a humidity of 100%.

3. PERSONNEL REQUIREMENTS

Space conditions required by health and safety standards to avoid
excess exposure to high temperatures and airborne contaminants are
often established by the American Conference of Governmental
Industrial Hygienists (ACGIH). In the United States, the National
Institute of Occupational Safety and Health (NIOSH) does research
and recommends guidelines for workplace environments. The
Occupational Safety and Health Administration (OSHA) sets stan-
dards based on these guidelines, with enforcement usually assigned
to a corresponding state agency.

Standards for safe levels of contaminants in the work environ-
ment or in air exhausted from facilities do not cover everything
that may be encountered. Minimum safety standards and design
criteria are available from U.S. Department of Health agencies
such as the National Institute of Health, National Cancer Institute,
and Public Health Service. The U.S. Department of Energy and
Nuclear Regulatory Commission establish standards for radioac-
tive substances.

Thermal Control Levels

Industrial plants are usually designed for an internal temperature
of 16 to 32°C and a maximum of 60% rh. Tighter controls are often
dictated by the specific operations and processes located in the
building. ACGIH (2016) established guidelines to evaluate high
temperature and humidity levels in terms of heat stress (Dukes-
Dobos and Henschel 1971). See Chapter 9 of the 2017 ASHRAE
Handbook—Fundamentals for a more detailed analysis of work
rate, air velocity, rest, and the effects of radiant heat.

Temperature control becomes tighter and more specific if person-
nel comfort, rather than avoidance of heat stress, becomes the crite-
rion. Nearly sedentary workers prefer a winter temperature of 22°C
and a summer temperature of 26°C at a maximum of 60% rh. Work-
ers at a high rate of activity prefer 18°C; they are less sensitive to
temperature changes and can be cooled by increasing the air veloc-
ity. ASHRAE Standard 55 provides more detailed information.

Contamination Control Levels

Toxic and/or hazardous materials are present in many industrial
plants and laboratories. Gases and vapors are found near acid baths
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and tanks holding process chemicals. Plating operations, spraying,
mixing, abrasive cleaning, and other processes generate dust,
fumes, and mists. Many animal and laboratory procedures (e.g.,
grinding, blending, sonication, weighing) generate aerosols. Air-
conditioning and ventilation systems must minimize exposure to
these materials. When airborne, these materials greatly expand their
range and potential for affecting more people. Chapter 11 of the
2017 ASHRAE Handbook—Fundamentals, OSHA requirements,
and ACGIH (2016) give guidance on the health effects of various
materials.

Concentrations of gaseous flammable substances must also be
kept below explosive limits. Acceptable concentrations of these
substances are a maximum of 25% of the lower explosive limit.
Chapter 11 of the 2017 ASHRAE Handbook—Fundamentals pro-
vides data on flammable limits and their means of control.

Instruments are available to measure concentrations of common
gases and vapors, but specific monitoring requirements and
methods must be developed for uncommon ones.

4. DESIGN CONSIDERATIONS

Required environmental conditions for equipment, process, and
personnel comfort must be known before selecting HVAC equip-
ment. The engineer and owner jointly establish design criteria, in-
cluding the space-by-space environment in facilities, process heat
loads and exhaust requirements, heat and cooling energy recovery,
load factors and equipment diversity, lighting, cleanliness, etc. Con-
sider separating dirty processes from areas that require
progressively cleaner air.

Insulation should be evaluated for initial cost and operating and
energy cost savings. When high levels of moisture are required in
the building, the air-conditioning and structural envelope must
prevent unwanted condensation and ensure a high-quality product.
Condensation can be prevented by eliminating thermal short cir-
cuits, installing proper insulation, and using vapor barriers. See
Chapters 25 and 27 of the 2017 ASHRAE Handbook—Fundamen-
tals for further details.

Personnel engaged in some industrial processes may be subject to
a wide range of activity levels for which a broad range of tempera-
tures and humidities are desirable. Chapter 9 of the 2017 ASHRAE
Handbook—Fundamentals addresses recommended indoor condi-
tions for a variety of activity levels.

Iflayout and construction drawings are not available, a complete
survey of existing premises and a checklist for proposed facilities
are necessary (Table 3).

New industrial buildings are typically single story with a flat roof
and ample height to distribute air and utilities without interfering with
process operations. Fluorescent fixtures are commonly mounted at
heights up to 4 m, high-output fluorescent fixtures up to 6 m, and
high-pressure sodium or metal halide fixtures above 6 m; LED fix-
tures are used at all heights. Lighting design considers light quality,
diffusion, room size, mounting height, and economics. Illumination
levels should conform to recommendations of the Illuminating Engi-
neering Society of North America.

Air-conditioning systems can be located on the roof of the build-
ing or (ideally) in an interior equipment room. Air intakes should not
be located too close to loading docks or other sources of contamina-
tion. (See the section on Air Filtration Systems.) HVAC system
installation must be coordinated with other systems and equipment
that compete for building space, such as piping systems, electrical
bus, fire sprinklers, lighting, cranes, structural elements, etc.

Operations in the building must also be considered: some require
close control of temperature, humidity, and/or contaminants. A
schedule of operations is helpful in determining heating and cooling
loads.
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Table 3 Facilities Checklist

Construction
1. Single or multistory
Type and location of doors, windows, crack lengths
Structural design live loads
Floor construction
Exposed wall materials
Roof materials and color
Insulation type and thicknesses
Location of existing inlet and exhaust equipment
9. Building orientation
Use of Building
1. Product needs
2. Surface cleanliness; acceptable airborne contamination level
3. Process equipment: type, location, and exhaust requirements
4. Personnel needs, temperature levels, required activity levels, and
special workplace requirements
Floor area occupied by machines and materials
6. Clearance above floor required for material-handling equipment,
piping, lights, or air distribution systems
7. Unusual occurrences and their frequency, such as large cold or hot
masses of material moved indoors
8. Frequency and length of time doors open for loading or unloading
9. Lighting: location, type, and capacity
10. Acoustical levels
11. Machinery loads, such as electric motors (size, diversity), large latent
loads, or radiant loads from furnaces and ovens
12. Potential for temperature stratification
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Design Conditions
1. Design temperatures: indoor and outdoor dry and wet bulb
Altitude
Wind velocity
Makeup air required
Indoor temperature and allowable variance
Indoor relative humidity and allowable variance
Indoor air quality definition and allowable variance
Outdoor temperature occurrence frequencies
9. Operational periods: number per day and duration
10. Waste heat availability and energy conservation incentives
11. Pressurization required
12. Mass loads from the energy release of productive materials

PN R WD

Code and Insurance Requirements
1. State and local code requirements for ventilation rates, etc.
2. Occupational health and safety requirements
3. Insuring agency requirements
Utilities Available and Required
1. Gas, oil, compressed air (pressure), electricity (characteristics), steam
(pressure), water (pressure), wastewater, interior and site drainage
2. Rate structures for each utility
3. Potable and fire water

Material Handling (MH) Airlock Interface

Material handling airlock interfaces can be used in facilities that
process toxic agents or similarly hazardous materials. Each MH
conveyor airlock has one in gate and one out gate. These gates are
equipped with position switches that send signals to the FCS to indi-
cate the gate positions (open/closed). When both gates are closed,
continuous air purging is required; when either of the gates is open,
sufficient capture velocity is required to prevent backflow. Both
gates should not be open simultaneously.

Each MH airlock is provided with one set of inlet and outlet
transfer air assemblies. The inlet assembly consists of one big and
one small on/off isolation damper. The outlet assembly has a pres-
sure control damper. The FCS opens both inlet isolation dampers
and modulates the outlet pressure control damper to satisfy the
design airlock pressure. When one gate is open, the FCS adjusts the
positions of the isolation and pressure control dampers to allow an
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airflow rate that satisfies both ventilation and design capture veloc-
ity requirements.

Process Exhaust Interface with Exhaust System. Offgas treat-
ment (OT) process exhausts are discharged from the process blow-
ers into the HVAC exhaust air inlet headers. The FCS enables OT
blower operation only when HVAC exhaust air inlet headers are
maintained at the set negative pressure. Space pressure controllers
of the adjacent rooms modulate the respective dampers in the supply
air ducts to balance airflow and keep the downstream room at set
negative pressure.

System Shutdown. The ventilation/filtration system of toxic
areas is in continuous operation. If negative pressure cannot be
maintained because of a loss of essential power off site, the system
is automatically shut down via the FCS, and all normally open TA
isolation dampers in the toxic areas of the cascading airflow paths
are closed to prevent toxic vapor migration. The fast-actuating iso-
lation valves remain open to keep the blast resistant rooms vented to
the EAFUs.

5. LOAD CALCULATIONS

Table 1 and specific product chapters of this Handbook discuss
product requirements. Chapter 18 of the 2017 ASHRAE Hand-
book—Fundamentals provides appropriate heating and cooling load
calculation techniques.

Solar and Transmission

The roof load is usually the largest solar load on the envelope.
Solar loads on walls are often insignificant, particularly because
modern factory buildings tend to be windowless. Insulating the
building walls and roof almost always benefits HVAC cost and
performance. Because roof surfaces can become dirty, use a dark
roof color in load calculations.

Internal Heat Generation

Internal heat generated by equipment and processes, as well as
products, lighting, people, and utilities, may satisfy heating load re-
quirements. Understanding equipment operating schedules allows
an appropriate diversity factor to be applied to the actual power con-
sumption. Using connected loads may greatly oversize the system.
Processes tend to operate continuously, but may be shut down on
weekends or at night. Heating to some minimal level without equip-
ment and/or process load should be considered. Consult ASHRAE
research project RP-1104 (White and Pahwa 2003) for further infor-
mation.

The latent load in most industrial facilities is minimal, with peo-
ple and outdoor air being the primary contributors, but some pro-
cesses and products do generate a latent load, which can dominate
the HVAC system design. Mist collectors serving operations that
use heated washers or water-based coolants operating above the tar-
geted space temperature can contribute excessive latent loading in
wet machining operations. Quantifying the latent impact for each
source can help determine which exhaust streams should be dis-
charged outdoors and not recirculated back to the space. Moisture
condensation on cold surfaces must be managed when the latent
load becomes very large.

Stratification Effect

The cooling load may be dramatically reduced in a work space
that takes advantage of temperature stratification. A stagnant
blanket of warm air directly under the roof has little effect on occu-
pants or equipment as long as it remains undisturbed. Heat sources
near the stagnant air have little effect on the cooling load. When the
ceiling or roof is high, 20 to 60% of the heat energy rises out of the
cooling zone, depending on building construction and the tempera-
ture of heat sources. Switching to a return air location near the roof
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could be cost effective, because it takes advantage of higher tem-
peratures at the roof.

Supply and return air ducts should be installed as low as prac-
tical to avoid mixing the warm boundary layers in cooling mode.
The location of supply air diffusers generally establishes the strat-
ified air boundary. Spaces with a low occupant-to-floor-area ratio
adapt well to using low quantities of supply air with spot cooling
for personnel.

Makeup Air

Makeup air provides ventilation and building pressurization. It
must be filtered and conditioned to blend with return air and then
distributed to the conditioned space. The quantity of makeup air
must exceed that of the exhaust air to positively pressurize the
building. Makeup air quantity may be varied to accommodate an
exhaust system with intermittently operating elements. Heat and
cooling recovery from the exhaust airstream can substantially
reduce the outdoor air load.

Processes requiring an extensive amount of exhaust air should
ideally be placed in an area of the plant provided with minimal
heating and no refrigerated air conditioning. Ventilation air may
be required to reduce the quantity of health-threatening fumes,
airborne bacteria, fugitive aerosols, or radioactive particles. Min-
imum ventilation rates must meet the requirements of ASHRAE
Standard 62.1. Consult the owner’s industrial hygiene or engi-
neering representative to determine if ventilation rates in excess of
this standard may be warranted.

Economizers can take advantage of ambient conditions and
possibly satisfy HVAC loads without added heating or cooling for
much of the year.

Fan Heat

Heat is generated by fans that move and pressurize the air. This
heat is not felt by the occupants but does add to the cooling load.
The discharge air temperature of a draw-through cooling arrange-
ment requires cooler air to the fan to accommodate the tempera-
ture increase of air passing through the fan. The increase is more
significant in systems with higher discharge air pressures.

6. PRESSURIZATION

Room-to-room pressurization is an essential method for contam-
ination control. Without pressurization, surrounding contamination
(e.g., particulates, gases, hot or cold air, moisture) can enter the
room by infiltration through doors, windows, cracks, pass-throughs
and penetrations for pipes or ducts, etc. The cleanest room should
have the highest room pressure, with decreasing pressure corre-
sponding to decreasing cleanliness. A differential pressure around
12.5 or 25 Pa is often used.

Pressurization calculations can be performed by using the pro-
cedures and charts in Chapter 18 of the 2017 ASHRAE Handbook—
Fundamentals, or those in Chapter 5 of Spitler (2009). Using the
charts in Spitler, calculate the building exfiltration at designated
room pressurization level. Also, in accordance with ASHRAE
Standard 62.1, determine the required outdoor air rate using the
actual number of occupants, and identify the total exhaust air vol-
ume from the building. The sum of exfiltration air volume plus
exhaust rate (or required outdoor air, whichever is greater) is the
total ventilation rate under the designated building pressurization.

To ensure the designated pressurization level, perform a leak test
for exterior and interior walls, partitions, doors, and windows
between two adjacent areas with different pressurization levels,
roof, exterior doors and windows, connections between wall and
roof, and any building elements between two areas with different
pressurization levels. All major leaks must be eliminated before
HVAC systems start-up.
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If pressurization is a critical attribute for maintaining room
cleanliness in areas such as plant process control rooms, computer
rooms, etc., then the crack area may need to be estimated and the
pressurization air quantity calculated using an equation such as
Equation (11) or (12) in Chapter 54, where the crack is treated as an
orifice and the required airflow is defined as a function of pressure
differential. Adequate design margins should be incorporated in the
pressurization system design to allow for building envelope seal
degradation over the structure’s life. If the pressurization is required
for safety or code compliance, make provisions in the design for
periodic surveillance and testing.

Explosion Management

Particularly in facilities that process toxic agents and other haz-
ardous materials, the possibility of explosion should be addressed.
Blast valve assemblies are installed at points of air transfer and
exhaust air penetrations through the blast-resistant building enve-
lope. An explosion-generated pressure wave of 103.5 kPa or greater
immediately closes the affected blast valves (spring balanced pres-
sure disks). The inlet and outlet blast valves close within 10 ms. The
fast-actuating dampers are provided in series with the blast valve
assemblies. On receiving alarms from explosion switches located
within the affected blast-resistant rooms, the FCS automatically
closes the corresponding fast-actuating isolation dampers, and fast-
actuating isolation dampers powered by the nitrogen system close
within 500 ms.

The blast valves are fully automatic in operation. After an explo-
sion, when the room pressure decreases to the facility-specific set
pressure, the FCS opens the exhaust-side fast-acting dampers first,
and then opens those in the transfer air assemblies when the room
pressure decreases to a lower (facility specific) set pressure, to
restore the cascading ventilation path.

Any room involved in an explosion immediately raises all related
upstream room pressures due to the cascading airflow blockage.
Based on the room pressure control, the FCS automatically throttles
the respective pressure dampers installed in the supply air ducts to
minimize the pressure upset in the upstream rooms. The airflow
blockage may create a ripple effect that causes the system header
pressure controller to slow the fan speeds of the EAFU and supply
AHU. In some rooms, there is a bypass exhaust pathway open to
bypass exhaust to allow venting from rooms to the exhaust header.

7. SYSTEM AND EQUIPMENT SELECTION

Industrial air-conditioning equipment includes heating and
cooling sources, air-handling and air-conditioning apparatus, filters,
and an air distribution system. Components should be selected and
the system designed for long life with low maintenance and operat-
ing costs conducive to low life-cycle cost.

Systems may consist of the following:

Heating-only in cool climates, where ventilation air provides

comfort for workers

« Air washer systems, where high humidities are desired and where
the climate requires cooling

» Heating and evaporative cooling, where the climate is dry

Heating and mechanical cooling, where temperature and humidity

control are required and other means of cooling are insufficient

All systems include air filtration appropriate to the contaminant
control required.

Careful evaluation should determine zones that require tempera-
ture control, especially in large, high-bay areas where the occupied
zone is a small portion of space volume. ASHRAE Standard 55
defines the occupied zones as from the floor to 1.8 m high, more than
1 m from exterior walls or fixed conditioning equipment, and 0.3 m
from interior walls.
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8. HEATING SYSTEMS

Floor Heating

Floor heating is often desirable in industrial buildings, particu-
larly in large, high-bay buildings, garages, and assembly areas
where workers must be near the floor, or where large or fluctuating
outdoor air loads make maintaining ambient temperature difficult.

Floors may be tempered to 18 to 21°C by embedded hydronic
systems, electrical resistance cables, or warm air ducts as an auxil-
iary to the main heating system. Heating elements may be buried
deep in the floor (150 to 450 mm) to allow slab warm-up at off-peak
times, thus using the floor mass as heat storage to save energy
during periods of high use.

Floor heating may be the primary or sole heating means, but floor
temperatures above 29°C are uncomfortable, so such use should be
limited to small, well-insulated spaces.

Unit and Ducted Heaters

Gas, oil, electric, hot-water, or steam-fired unit heaters with cen-
trifugal or propeller fans are used for spot heating areas and may be
arranged in multiples for heating an entire building. Temperatures
can be varied by individual thermostatic control. Unit heaters
should be located so that the discharge (throw) reaches the floor ad-
jacent to and parallel with the outer wall, and spaced to produce a
ring of warm air moving peripherally around the building. In indus-
trial buildings with heat-producing processes, heat tends to stratify
in high-bay areas. In large buildings, additional heaters should be
placed in the interior so that their discharge reaches the floor to re-
duce stratification. Downward-discharge unit heaters in high bays
and large areas may have a revolving discharge. Gas- and oil-fired
unit heaters should not be used where corrosive vapors are present.
Furthermore, care must be taken to avoid selecting a unit configu-
ration wherein return air from the space is drawn through the com-
bustion zone of any direct-fired gas burners, because unintended
byproducts of combustion may result.

Ducted heaters include large direct- or indirect-fired heaters,
door heaters, and heating and ventilating units. They usually have
centrifugal fans.

Unit heaters and makeup air heaters commonly temper outdoor
air that enters buildings through open doors. Mixing quickly brings
the space temperature back to the desired setting after the door is
closed. The makeup air heater should be applied as a door heater in
buildings where the doors are large and open for extended periods,
such as doors for large trucks or railroad cars. Such large doors often
use ductwork drops across the top and along both sides of the door,
with slotted diffusers to induce an air-curtain effect.

Unit heaters are also needed in buildings that have considerable
leakage or a sizeable negative pressure. These units help pressurize
the door area, mix the incoming cold air, temper it, and quickly
bring the area back to the desired temperature after the door is
closed.

Door heating units that resemble a vestibule operate with airflow
down across the opening and recirculated from the bottom, which
helps reduce cold drafts across the floor. These units are effective on
high-usage doors under 3 m tall. Additional information on heating
is given in Chapter 27 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment.

Infrared Heaters

High-intensity gas, oil, or electric infrared heaters transfer heat
directly to the occupants, equipment, and floor in the space without
appreciably warming the air, though some air heating occurs by
convection from objects heated by the infrared heaters. These heat-
ers are classified as either near- or far-infrared heaters, depending on
how close the wavelengths they emit are to visible light. Near-
infrared heaters emit a substantial amount of visible light.
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Both vented and unvented gas-fired infrared heaters are available
as either individual radiant panels or as a continuous radiant pipe.
Pipe-type heaters include burners 4.5 to 9 m apart and an exhaust
vent fan at the end of the pipe. Unvented heaters require exhaust ven-
tilation to remove flue products from the building and to prevent
moisture from collecting on the walls and ceiling.

Infrared heaters are common in the following applications:

* High-bay buildings, where heaters are usually mounted 3 to 9 m
above the floor, along outer walls, and tilted to direct maximum
radiation to the floor. If the building is poorly insulated, the con-
trolling thermostat should be shielded to avoid influence from the
radiant effect of the walls and the cold walls.

» Semi-open and outdoor areas, where people can be comfortably

heated directly and objects can be heated to avoid condensation.

Loading docks, where snow and ice can be controlled by strategic

placement of near-infrared heaters.

Additional information on both electric and gas infrared heating is
given in Chapter 16 of the 2016 ASHRAE Handbook—HVAC Sys-
tems and Equipment.

9. COOLING SYSTEMS

Common cooling systems include refrigeration equipment, evap-
orative coolers, and high-velocity ventilation air.

For manufacturing operations, particularly in heavy industry
where mechanical cooling cannot be economically justified, evapo-
rative cooling systems often provide good working conditions, as
discussed in Chapter 41 of the 2016 ASHRAE Handbook—HVAC
Systems and Equipment. If the operation requires heavy physical
work, spot cooling by ventilation, evaporative coolers, or refriger-
ated air can be used. To minimize summer discomfort, high outdoor
ventilation rates may be adequate in some hot-process areas. A me-
chanical air supply with good distribution is needed in all these op-
erations.

Refrigerated Cooling Systems

The most commonly used refrigerated cooling systems are roof-
mounted, direct-expansion packaged units. Larger systems may use
chilled water distributed to air-handling units.

Central system condenser water rejects heat through a cooling
tower. Refrigerated heat recovery is particularly advantageous in
buildings with simultaneous need to heat exterior spaces and cool
interior spaces.

Mechanical cooling equipment should be selected in multiple
units. This lets the equipment match its response to fluctuations in
the load and allows maintenance during off-peak operation
periods. Packaged refrigeration equipment commonly uses
positive-displacement (reciprocating, scroll, or screw) compressors
with air-cooled condensers. When equipment is on the roof, the con-
densing temperature may be affected by warm ambient air, often 5 to
10 K higher than design outdoor air temperature. ASHRAE Stan-
dard 15 provides rules for the type and quantity of refrigerant in
direct air-to-refrigerant exchangers.

Desiccant-based systems should be considered for processes that
require dew points below 10°C (e.g., pharmaceutical processing).

Evaporative Cooling Systems

Evaporative cooling systems may be direct or indirect evapora-
tive coolers or air washers. Evaporative coolers have water sprayed
directly on wet surfaces through which air passes. Any excess water
drains off. Air washers recirculate water, and the air flows through
a heavily misted area. Water atomized in the airstream evaporates,
cooling the air. For either type, using refrigerated water simultane-
ously cools and dehumidifies the air. For spaces that require an air
washer and high relative humidities (e.g., tobacco and textile pro-
cessing areas), heat provided to the sump should provide sufficient
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energy for humidification beyond that recovered in the return air-
stream.

Temperature and humidity of the exit airstream may be con-
trolled by varying the temperature of the chilled water and reheat
coil and by varying the quantity of air passing through the reheat
coil with a dew-point thermostat.

It may be necessary to filter air entering the evaporative cooler to
ensure that dust or lint does not accumulate and clog the nozzles or
evaporating pads. Chemical treatment of the water may be neces-
sary to prevent mineral build-up or biological growth on the pads or
in the pans.

10. AIR FILTRATION SYSTEMS

Air filtration systems remove contaminants from the building sup-
ply or exhaust airstreams. Supply air filtration at the equipment in-
take removes particulate contamination that may foul heat exchange
surfaces, contaminant products, or present a health hazard to people,
animals, or plants. Gaseous contaminants must sometimes be re-
moved to prevent exposing personnel to odors or health-threatening
fumes. Return air with a significant potential for carrying contam-
inants should be recirculated only if it can be filtered enough to
minimize personnel exposure. Return air should be exhausted if
monitoring and contaminant control cannot be ensured.

The supply filtration system usually includes collection media or
a filter, a media-retaining device or filter frame, and a filter housing
or plenum. For more on filtration systems, see Chapter 29 of the
2016 ASHRAE Handbook—HVAC Systems and Equipment.

Exhaust Air Filtration Systems

Exhaust air systems are either (1) general systems that remove air
from large spaces or (2) local systems that capture aerosols, heat, or
gases at specific locations in a room and transport them so they can
be collected, inactivated, and safely discharged to the atmosphere.
Air in a general system usually requires minimal or no treatment
before being discharged to the atmosphere. Air from local exhaust
systems can sometimes be safely discharged to the atmosphere, but
may require contaminant removal before being discharged.
Exhausted air must meet appropriate air quality standards when
defined as a release point based on plant air permitting requirements.
Chapters 31 and 32 of this volume and Chapter 30 of the 2016
ASHRAE Handbook—HVAC Systems and Equipment have more
information on industrial ventilation and exhaust systems.

In exhaust air emission control, fabric-bag filters, glass-fiber fil-
ters, venturi scrubbers, and electrostatic precipitators all collect par-
ticles. Packed-bed or sieve towers can absorb toxic gases. Activated
carbon columns or beds, often with oxidizing agents, are frequently
used to absorb toxic or odorous organics and radioactive gases.

Outdoor air intakes should be carefully located to avoid recircu-
lating contaminated exhaust air. Wind direction, building shape,
and location of effluent source strongly influence concentration
patterns.

Air patterns from wind flowing over buildings are discussed in
Chapter 24 of the 2017 ASHRAE Handbook—Fundamentals. The
leading edge of the roof interrupts smooth airflow, reducing air
pressure at the roof and on the lee side. Exhaust air must be dis-
charged through either a vertical stack terminating above the
building turbulent-air boundary or a shorter stack with a high
enough discharge velocity to project the effluent through the air
boundary into the undisturbed air passing over the building. The
high discharge prevents fume damage to both the roof and roof-
mounted equipment, and keeps fumes away from building air
intakes. A high vertical stack is the safest, simplest solution to fume
dispersal.
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Contamination Control

In addition to maintaining thermal conditions, air-conditioning
systems should control contaminant levels to provide a safe and
healthy environment, good housekeeping, and quality control for
the processes. Contaminants may include gases, fumes, mists, or
airborne particulate matter. They may be produced by a process in
the building or contained in the outdoor air.

Contamination can be controlled by preventing the release of
aerosols or gases into the room and by diluting room air contami-
nants. [fthe process cannot be enclosed, it is best to capture aerosols
and gases near their source with a local exhaust system that includes
a hood or enclosure, ducts, fan, motor, and exhaust stack.

Dilution controls contamination in many applications but may
not provide uniform safety for personnel. High local concentrations
of contaminants can exist despite a high overall dilution rate.

11. EXHAUST SYSTEMS

An exhaust system draws a contaminant away from its source
and removes it from the space. An exhaust hood surrounding the
point of generation contains the contaminant as much as is practical.
The contaminant is transported through ductwork from the space,
cleaned as required, and exhausted to the atmosphere. The hood
inlet air quantity is established by the velocities required to convey
the airborne contaminant. Chapter 33 has more information on local
exhaust systems.

Design values for average and minimum face velocities are a func-
tion of the characteristics of the most hazardous material the hood is
expected to handle. Minimum values may be prescribed in codes for
exhaust systems. Contaminants with greater mass may require higher
face velocities for control. Design face velocities should be set care-
fully: too high a velocity can be as hazardous as one too low. Refer to
ACGIH (2016) and ASHRAE Standard 110 for more information.

Exhaust ductwork should be sized to provide velocities high
enough to keep contaminants in suspension. Velocities should ex-
ceed the settling velocities for the expected particle size distribution.

Selection of materials and construction of exhaust ductwork and
fans depend on the nature of the contaminant, ambient temperature,
lengths and arrangement of ducts, method of hood fan operation, and
flame and smoke spread ratings. Exhausts containing acids, alkalis,
solvents, or oils should address corrosion, dissolution, and melting.

Condensation in ferrous metal ducts may contribute to corrosion.
Consider the dew point of process gases with respect to the sur-
rounding ambient temperature. Condensation can be managed by
reducing the dew point of the exhaust stream, by vapor barriers, or
by using thermal insulation.

12. OPERATION AND MAINTENANCE

Equipment room layout should provide space for cleaning, ser-
vicing, and replacing components quickly to minimize system out-
ages. Maintenance of refrigeration and heat rejection equipment is
essential for proper performance without energy waste. Mainte-
nance includes changing system filters periodically. Industrial ap-
plications are dirty, so proper selection of filters, careful installation
to avoid air bypassing the filter, and prudent filter changing to pre-
vent overloading and blowout are required. Dirt lodging on the tips
of forward-curved fan blades appreciably reduces air-handling ca-
pacity. Fan and motor bearings require lubrication, and fan belts
need periodic inspection. Direct- and indirect-fired heaters should
be inspected annually. Steam and hot-water heaters have fewer
maintenance requirements than comparable equipment with gas or
oil burners.

For system compatibility, water treatment is essential. Air
washers and cooling towers should not be operated unless the water
is properly treated.
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13. HEAT RECOVERY AND ENERGY
CONSERVATION

The process industry often presents opportunities to recover heat
from the exhaust airstream for use in preconditioning makeup air.
Extreme care must be taken to ensure compatibility of heat ex-
changer components and materials with contaminants often found
in exhaust streams. For example, brewery spaces are held between
1.7 and 10°C. Exhaust air passes over a heat recovery wheel to pre-
condition outdoor makeup air, which in turn controls the level of
carbon dioxide contamination. Coated aluminum heat recovery
wheels can be subject to premature failure because of caustic clean-
ing materials conveyed in the exhaust system.

Additional consideration should be given to the assessment of risk
associated with the heat recovery strategy. Frequently, downtime in
large industrial facilities can exceed millions of dollars per hour.
Costs associated with failure of a heat recovery device can easily
overcome savings in energy costs if the result is a facility shutdown.

14. CONTROL SYSTEMS

Control systems for industrial processes and air-conditioning
systems differ from commercial direct digital control (DDC) sys-
tems in important ways. Modern industrial control systems fall into
three categories:

* Programmable logic controller (PLC) systems. These systems
are chosen for industrial environments because of their inherent
robustness and speed. They are rated to operate in environments
of 50°C, as opposed to 40°C for DDC systems. Also, because the
controller does not look up point information from a central data-
base, the program scan speed is much greater: a total program
scan time of less than 0.1 s is not unusual. Local display screens
are available for field panel mounting; however, one of the fol-
lowing two systems is required to provide overall plantwide data
gathering and reporting.

« Distributed control systems (DCS). Like commercial DDC sys-
tems, DCS systems are defined as shared logic controllers as
opposed to programmable logic controllers. A shared logic con-
troller shares the resources a common database of point names to
provide point attribute data such as units (% rh, kPa, etc.), point
range (0 to 100% rh, 0 to 690 kPa, etc.), logical point name, and
software address. This information is shared across all controllers
in a given network of controllers and then reported to the user
through the graphical user interface (GUI). DCS systems can
provide an embedded GUI like DDC systems do, or can work
seamlessly with a third-party SCADA system.

* Supervisory control and data acquisition (SCADA) systems.
SCADA systems are typically overlays that acquire and store data
from subordinate DCS, PLC, or other systems. They provide the
GUI and display operating system parameters. By contrast, com-
mercial DDC or building management systems (BMS) have the
graphic engine and data acquisition and storage system embedded
into the base operating system. Industrial requirements typically
preclude DDC systems to act as a SCADA system because of
their limited data communication networks and inability to reli-
ably handle large numbers (>10,000) of input and output points in
a given system.

Industrial controllers can be installed, configured, and/or main-
tained by third-party providers (known as system integrators) or by
the manufacturer themselves. They have open communication pro-
tocols and exchange information over various network protocols
such as Modbus (North America) or Profibus (EU). These protocols
allow communication between different brands of controllers and
the overall network, with BACnet® capability for occasional inte-
gration with commercial DDC system where deemed necessary.
Industrial systems also allow Ethernet-based protocol (TCP/IP) for
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data exchange in high-speed networks as well as remote Internet-
based monitoring and control.

Industrial control systems are documented differently than
commercial-based DDC systems. The American National Stan-
dards Institute (ANSI), in cooperation with International Society of
Measurement and Control (ISA), established a standard that defines
how engineering documents are prepared (e.g., process and instru-
mentation diagrams [P&IDs], instrument naming or tagging con-
vention). Commercial systems generally are documented using
standards defined by the system manufacturer, who installs and
maintains the systems, and their technicians can operate across sev-
eral facilities or in different cities.

Industrial instrumentation is also quite different from commer-
cial DDC systems. Instruments are typically in housings listed for
hazardous environments that also provide excellent protection from
the moisture, dust, and dirt frequently found in an industrial envi-
ronment. Signal types are usually 4 to 20 mA over the range of 0 to
100% of the transmitter span. Hazardous locations use instruments
listed specifically for the hazard division and group. Intrinsic safety
barriers provide a level of protection by limiting the amount of
power consumed by these devices to 1 W or less.

15. LIFE AND PROPERTY SAFETY

Human life and property safety must be thoroughly considered in
all types of industrial project design, construction, installation, start-
up, testing, operation, and maintenance. The life and property safety
concern should include (but not be limited to) hazards generated in
the property and related prevention, effective fire and hazardous gas
detection and alarm systems, active fire protection systems, room-
to-room pressurization and smoke control, homeland security and
emergency response plans, etc. Refer to related NFPA and ACGIH
publications for detailed regulations.

Toxic Agent/Hazardous Materials Processing Facility

Fire. When the fire alarm control panel (FACP) receives alarm
signals from local smoke/heat detectors, it sends signals to shut off
the smoke/fire dampers (BDs) in the affected fire zone. The FACP
also sends an alarm signal to the FCS. The position switch from
each BD sends a feedback signal to FCS confirming that the BD has
been fully closed; otherwise, a fault alarm is activated at the FCS.
Due to airflow blockage, the cascading system upstream room pres-
sure increases, and downstream room pressure decreases further. To
minimize room pressure upsets, the FCS automatically throttles the
upstream supply air pressure control dampers and downstream
exhaust air pressure control dampers.

During the pressure surge transition, the cascading system pres-
sures may rise at the supply air plenum and become more negative
at the exhaust air inlet headers. FCS pressure feedback control auto-
matically reduces the fan speed of the AHUs and EAFUs accord-
ingly. If pressure surges are significant and occur faster than the
FCS pressure control response, pressure and vacuum relief dampers
in the supply and exhaust headers automatically open to protect
ductwork from damage.

After the fire has been cleared, the smoke/fire dampers are man-
ually reset to the open position from the FACP. Bypass exhausts are
provided within fire zones and located strategically to mitigate pres-
sure excursion resulting from a fire in critical process rooms. When
the bypass mode is initiated, FCS closes the inlet transfer air isola-
tion dampers to suppress fire spread, which prevents heat and
smoke damage to the EAFUs; activates the bypass exhaust; and
places pressure controllers into automatic pressure control mode to
minimize pressure surge and airflow impact to surrounding rooms.

Loss of Power. During loss of off-site power, essential power is
provided to EAFUs and AHUs by the dedicated generator and the
standby generators to maintain the toxic areas at slight negative
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pressure relative to ambient to prevent toxic vapor escaping. The
adjustable-speed drives (ASDs) of the fans of EAFUs and AHUs are
programmed to allow fast ramp-up when power is restored. If a ded-
icated generator starts and standby generators fail, the FCS contin-
uously monitors and controls the cascading ventilation system to
maintain slight negative pressure with reduced flows. When all the
generators fail to start, and the total exhaust airflow rate drops to
15% of the system design capacity, the FCS starts closing all TA
isolation dampers to prevent toxic vapor migration from highly
toxic areas to areas of lower concentrations.

16. COMMISSIONING

Several types of HVAC commissioning processes are used for
industrial HVAC projects: (1) overall HVAC project commission-
ing, (2) construction HVAC project commissioning, and (3)
existing-building HVAC commissioning (retrocommissioning).
The process described here applies to both new construction and
major renovations.

For new construction, commissioning should start at the project’s
inception during the predesign phase, and continue through design,
construction, acceptance, training, operation, maintenance, and
postacceptance.

The owner should retain an HVAC commissioning authority
(CA) at the very beginning of the predesign phase. The CA develops
the scope of the commissioning and reviews the design intent during
predesign to ensure the project accommodates the commissioning
process. The CA also coordinates with the owner, design engineer,
and HVAC contractor during preparation of project design and con-
struction documents; this includes the overall project execution
schedule, preparation and issue of commissioning and construction
specifications, and review of contractor submittals. This paves the
way for commissioning, and the CA continues to carry out and com-
plete the implementation of the planning commissioning process.

Participants include the start-up personnel listed during start up,
the test and balance company, the process operators, the owner’s
project authorities, and the commissioning personnel.

Commissioning documents include the following:

* Certificates and warranties of system completion, along with a
complete set of as-built drawings submitted by mechanical, elec-
trical, plumbing, control, and fire protection contractors.

 If available, all major equipment installation, operation, and
maintenance (IOM) manuals from equipment manufacturers.

* Records of significant problems and solutions that occurred
during start-up and testing.

* Certified system test and balance reports, including verified major
equipment models and capacities, and tested performance values
conforming to system criteria.

* A complete room-to-room pressurization map submitted by the
test and balance company.

* A control system IOM submitted by the control contractor.

» When applicable, a certificate of as-built cleanroom cleanliness.
The report should be based on testing when the cleanroom facility
is complete and all services are connected and functional, but
without equipment and operating personnel in the cleanroom.

« If the contract scope requires, a certificate of cleanroom cleanli-
ness with process running and with operating personnel in the
facility.

* A commissioning report signed by all attendees.

Commissioning requirements for industrial air-conditioning sys-
tems (particularly central heating and cooling equipment such as
chillers, boilers, air compressors, etc., or nonprocess air-handling
systems) often can follow the procedures outlined in ASHRAE
Guidelines 0 and 1.1, which use statistical evaluations to define the
scope of commissioning activities. Most industrial applications,
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however, use full commissioning of each point instead of statistical
evaluation, because of the process requirements for reliability and
the basic functional requirements.

In facilities regulated by government agencies, qualification (or
validation) of the air-conditioning systems may be required. In
these cases, use the appropriate government and industry-specific
guidelines instead of ASHRAE Guidelines 0 and 1.1. Qualification
follows a more rigorous set of standards for acceptance than com-
mercial commissioning:

* Risk assessment determines the level of qualification that a given
system should undergo. It considers the severity the risk presents
(e.g., loss of life or of the system) and the likelihood of occurrence
(e.g., once during system life, once a year). The highest risks are
those that have the greatest severity as well as the most likely
occurrence. In those cases, the qualification requirements are the
highest.

* Life-cycle assessment is most often used in industrial control
systems. Required documentation typically consists of specifica-
tions for user requirements, functionality, and design, and the
system is qualified under an installation qualification to verify the
design specification. An operational qualification verifies the
requirements of the functional specification, and the performance
qualification verifies the requirements of the user requirement
specification.
Testing plans and strategies should reflect the results of the risk
assessment and life-cycle assessment. The plans and strategies
should also address the resources required to conduct the qualifi-
cation, the documentation to be developed, and the appropriate
owner team to accept the results. Most importantly, it defines the
procedure to be followed when a discrepancy is found.

Testing documentation is developed to qualify the system so it
can pass an audit by the regulatory agency or a third party retained
by the owner.

For more information on commissioning, see Chapter 44 and
ASHRAE Standard 202-2013.
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NCLOSED vehicular facilities include buildings and infra-

structure through which vehicles travel, are stored, or are re-
paired.Vehicles can include those driven by internal combustion en-
gines or electric motors. This chapter discusses ventilation
requirements for these facilities, accounting for climate and tem-
perature control, contaminant level control, and emergency smoke
management. Design approaches for various natural and mechanical
ventilation systems are covered in this chapter.

Tunnel issues are addressed first, followed by the unique aspects
of rail and road tunnels, rail stations, bus garages, bus terminals, and
enclosed spaces for equipment maintenance in later sections. Finally,
information on applicable ventilation equipment is presented.

1. TUNNELS

Transport tunnels are unique; vehicles travel at normal speeds,
possibly carrying cargo (which may be unknown in road tunnels),
and may include the traveling public (as passengers and/or motor-
ists) during both normal and emergency operations. A tunnel is a
linear-configured facility, as opposed to most buildings, which are
typically more rectangular. This concept is important when con-
fronting the need to fight a fire within a tunnel. A tunnel cannot be
compartmentalized as readily as a building, which means the fire
can only be fought from within the actual fire zone. Limited access
and compartmentation create difficulties with containing and sup-
pressing a fire. This combination of circumstances requires unique
design approaches to both normal and emergency operation.

Tunnel Ventilation Concepts

Tunnel ventilation must accommodate normal, congested, and
emergency conditions. In some cases, temporary ventilation may also
be necessary.

Normal Mode. Normal ventilation is required during normal
operations to control temperature, provide comfort, or control level
of pollutants in the facility during normal operations and under
normal operating conditions, primarily to ensure the health and
comfort of patrons and employees.

Congested Mode. Congested ventilation is required during service
periods where traffic is slow moving, leading to a reduction or elimi-
nation of piston effect. The goals are the same as for normal mode.

Emergency Mode. Emergency ventilation is required during an
emergency to facilitate safe evacuation and to support firefighting
and rescue operations. This is often due to a fire, but it can be any non-
normal incident that requires unusual control of the environment in
the facility. This includes control of smoke and high temperature
from a fire, control of exceedingly high levels of contaminants, and/
or control of other abnormal environmental conditions.

Temporary Mode. Temporary ventilation is needed during orig-
inal construction or while maintenance-related work is carried out
in a tunnel, usually during nonoperational hours. The temporary
ventilation is typically removed after construction or after the main-

The preparation of this chapter is assigned to TC 5.9, Enclosed Vehicular
Facilities.

16.1

tenance work is completed. Ventilation requirements for such tem-
porary systems are specified by either state or local mining laws,
industrial codes, or the U.S. Occupational Safety and Health Ad-
ministration (OSHA) and are not addressed specifically in this
chapter.

Tunnel Ventilation Systems

There are two categories of ventilation systems used in most tun-
nels: natural and mechanical.

Natural Ventilation. Naturally ventilated facilities rely
primarily on atmospheric conditions to maintain airflow and provide
a satisfactory environment in the facility. The chief factor affecting
the facility environment is the pressure differential created by differ-
ences in elevation, ambient air temperature, or wind effects at the
boundaries of the facility. Unfortunately, most of these factors are
highly variable with time, and thus the resultant natural ventilation is
often neither reliable nor consistent. If vehicles are moving through
a tunnel-type facility, the piston effect created by the moving vehi-
cles may provide additional natural airflow.

Mechanical Ventilation. A tunnel that is long, has a heavy
traffic flow, or experiences frequent adverse atmospheric condi-
tions requires fan-based mechanical ventilation. Among the alter-
natives available are longitudinal and transverse ventilation.

Longitudinal Ventilation. This type of ventilation introduces or
removes air from the tunnel at a limited number of points, primarily
creating longitudinal airflow along its length. Longitudinal ventila-
tion can be accomplished either by injection, using central fans,
using jet fans mounted in the facility, or a combination of injection
and extraction at intermediate points.

Transverse Ventilation. Transverse ventilation uses both a supply
duct system and an exhaust duct system to uniformly distribute supply
air and collect vitiated air throughout the length of the facility. The
supply and exhaust ducts are served by a series of fixed fans, usually
housed in a ventilation building or structure. A variant of this type of
ventilation is semitransverse ventilation, which uses either a supply or
exhaust duct, not both. The balance of airflow is made up via the tunnel
portals.

Design Approach

General Design Criteria. The air quality and corresponding
ventilation system airflow requirements in enclosed vehicular
spaces are determined primarily by the type and quantity of contam-
inants that are generated or introduced into the tunnel and the
amount of ventilation needed to limit the high air temperatures or
concentrations of these contaminants to acceptable levels for the
specific time exposures.

Normal and Congested Modes. The maximum allowable concen-
trations and levels of exposure for most contaminants are determined
by national governing agencies such as the U.S. Environmental
Protection Agency (EPA), OSHA, and the American Conference of
Governmental Industrial Hygienists (ACGIH).

The contaminant generators can be as varied as gasoline or diesel
automobiles, diesel or compressed natural gas (CNG) buses and trucks,
and diesel locomotives. Even heat generated by air conditioning on
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electric trains stopped at stations and the pressure transients generated
by rapid-transit moving trains can be considered contaminants, the
effects of which need to be mitigated.

Emergency Mode. Design provisions may be necessary to
manage smoke and other products of combustion released during
fires to allow safe evacuation, to support firefighting and rescue
operations, and to protect the tunnel structure and station infrastruc-
ture during fires (Bendelius 2008).

In designing for fires, the design fire scenario and associated fire
heat release rate need to be quantified. Depending on the level of anal-
ysis, the generation of smoke and other products of combustion may
also need to be quantified. As a minimum, design for life safety
during fires must conform to the specific standards or guidelines of
the National Fire Protection Association (NFPA), where applicable.
NFPA Standard 130’s ventilation requirements are for systems to
maintain a “tenable environment along the pathway of egress from the
fire.” Standard 130 (2017) defines a tenable environment as “an envi-
ronment that permits self-rescue of occupants for a specific period of
time”’; NFPA Standard 502 (2017) includes a similar definition.

Other NFPA codes and standards; ICC (2009a, 2009b, 2009¢)
building, mechanical, and fire codes; and other statutory require-
ments may apply. Separation and pressurization requirements be-
tween adjacent facilities should also be considered.

Temporary. A temporary mode may be necessary during con-
struction or other special condition.

Technical Approach. The technical approach differs with
facility type; however, there are many similarities in the initial
stages of the design process.

Determining the length, gradient, and cross section for tunnels is
an important first step. Establishing the facility’s dynamic clearance
envelope is of extreme importance, especially for a tunnel, because
all appurtenances, equipment, ductwork, jet fans, etc., must be
located outside the envelope, and this may eventually determine the
type of ventilation system used.

Vehicle speeds, vehicle cross-sectional areas, vehicle design fire
scenarios, and fuel-carrying capacity are important considerations
for road tunnels, as are train speeds, train headway, and rail car com-
bustibility and design fire scenarios for rapid transit and railroad
tunnels.

Types of cargo to be allowed through the facility, and their re-
spective design fire scenarios, should be investigated to determine
the ventilation rates and the best system for the application. Simi-
larly, for railroad tunnels, it should be determined whether
passenger, freight, or both types of trains will be using the facility
and if the passenger trains will be powered by diesel/electric power
or by electric traction power.

The emergency ventilation approach must be fully coordinated
with the overall fire protection strategy, the evacuation plan, and the
emergency response plan, providing a comprehensive overall life
safety program for the tunnel or station. Egress systems must pro-
vide for safe evacuation under a wide range of emergency condi-
tions. The emergency response plan must help facilitate evacuation
and allow for appropriate response to emergencies.

Rail and bus stations are large unique structures designed to allow
efficient movement of large populations and to serve occupants that
often arrive in large groups. Stations can be below ground, above
ground, or at grade. Although each type of station poses specific
challenges, underground facilities tend be the most challenging.
Stations can be further complicated by connections to non-transit
structures (Tubbs and Meacham 2007).

Rail and road tunnels pose a different set of evacuation chal-
lenges. These facilities are long, narrow, and underground, often
with limited opportunities for stairwells to grade. The linear nature
limits initial evacuation, which can pose challenges to the ventila-
tion design. Further, the trackway in rail tunnels can be a dangerous
environment for untrained occupants.
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The ventilation and other protection systems must support the
evacuation plan. NFPA Standards 502 and 130 provide specific cri-
teria for components of the life safety and evacuation systems, but
are not universally adopted by authorities. Where road and rail in-
frastructure interface with buildings, the International Building
Code® and International Fire Code® may apply. Several docu-
ments are available to provide additional guidance on life safety
concepts, evacuation strategies, and calculation methodologies
(Bendelius 2008; Colino and Rosenstein 2006; Fruin 1987;
Gwynne and Rosenbaum 2008; Proulx 2008; Tubbs and Meacham
2007).

Critical Velocity. Manual calculations and resources for the
emission and combustion data are given for each enclosed vehicular
facility type in the respective sections. A first step in determining
the order of magnitude for the ventilation rate required to control the
movement of the heat and smoke layer generated by a fire in a tunnel
is to apply the critical velocity criterion. This approach is described
here, and can be used for all types of tunnel applications.

The simultaneous solution of Equations (1) and (2), by iteration,
determines the critical velocity (Kennedy et al. 1996), which is the
minimum steady-state average bulk velocity of ventilation air
moving toward the fire needed to prevent backlayering:

1/3
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Ve = critical velocity, m/s

Tr = average temperature of fire site gases, K

K, = 0.606

grade factor (see Figure 1)

acceleration caused by gravity, m/s2

height of duct or tunnel at fire site, m

heat that fire adds directly to air at fire site, kKW
average density of approach (upstream) air, kg/m?
= specific heat of air, kJ/(kg-K)

A = area perpendicular to flow, m2

T = temperature of approach air, K

nqv-Q QOQQN
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It is usual to study several alternative ventilation schemes, each
using different variants and/or combinations of ventilation systems
(longitudinal, transverse, etc.). Some types of systems, such as fully
transverse, are almost exclusively used on road tunnels only.

When selecting ventilation equipment and the number of fans
and types of drives, consideration should be given to efficiency,
reliability, and noise. Most of these equipment attributes are re-
flected in a life-cycle cost analysis of the alternatives.
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Ifthe effectiveness of the system to provide for fire life-safety con-
ditions is not evident from the manual analysis or one-dimensional
computer models such as subway environment simulation (SES), the
designer should investigate using a computational fluid dynamics
(CFD) program to accurately determine the smoke and temperature
distribution in both the steady-state and transient conditions.

Computer Modeling and Simulation. The applicable NFPA
standards for road tunnels (NFPA Standard 502) and for railroad
rapid transit tunnels (NFPA Standard 130) require engineering anal-
ysis for tunnels greater than a certain length, to prove that the smoke
and heat layer is controlled. Often the best way to show that the re-
quirements are met is by using a CFD program with post-processing
capabilities that feed the results into another program capable of pro-
ducing a still picture and/or animated graphical representation of the
results. All the commonly used computer programs and their specific
capabilities are discussed in the following paragraphs.

SES. The predominant worldwide tool for analyzing the aero-
thermodynamic environment of rapid transit rail tunnels is the
Subway Environment Simulation (SES) computer program (DOT
1997a). SES is a one-dimensional network model that is used to
evaluate longitudinal airflow in tunnels. The model predicts air-
flow rates, velocities and temperatures in the subway environment
caused by train movement or fans, as well as the station cooling
loads required to maintain the public areas of the station to prede-
termined design conditions throughout the year. This program
contains a fire model that can simulate longitudinal airflow
required to overcome backlayering and control smoke movement
in a tunnel. Output from the SES can be applied as boundary or ini-
tial conditions for three-dimensional CFD modelling of the tunnel
and station environments. The SES program is in the public
domain, available from the Volpe National Transportation Sys-
tems Center in Cambridge, MA.

TUNVEN. This program solves coupled one-dimensional, steady-
state tunnel aerodynamic and advection equations. It can predict
quasi-steady-state longitudinal air velocities and concentrations of
CO, NO,, and total hydrocarbons along a road tunnel for a wide range
of tunnel designs, traffic loads, and external ambient conditions.

The program can also be used to model all common road tunnel
ventilation systems (i.e., natural, longitudinal, semitransverse, and
transverse). The user must update emissions data for the calendar
year of interest. The program is available from the National Techni-
cal Information Service (NTIS 1980).

Computational Fluid Dynamics (CFD). CFD software can model
operating conditions in tunnels and stations and predict the resulting
environment. In areas of geometrical complexity, CFD is the appro-
priate tool to predict three-dimensional patterns of airflow, tempera-
ture, and other flow variables, including concentration of species,
which may vary with time and space. Computational fluid dynamics
software is the design tool of choice to obtain an optimum design,
because experimental methods are costly, complex, and yield lim-
ited information.

SOLVENT.SOLVENT is a specific CFD model developed as part
of the Memorial Tunnel Fire Ventilation Test Program for simulat-
ing road tunnel fluid flow, heat transfer, and smoke transport. SOL-
VENT can be applied to all ventilation systems used in road tunnels,
including those based on natural airflow. The program results have
been validated against data from Massachusetts Highway Depart-
ment and Federal Highway Authority (MHD/FHWA 1995).

Fire Dynamics Simulator (FDS). FDS is a Computational Fluid
Dynamics (CFD) model of buoyancy-driven fluid flow from a fire.
A separate code called Smokeview is used to visualize data output
from FDS. These applications can also be configured to model pol-
lutant levels outside the portals and around the exhaust stacks of
tunnels. Both of these public domain programs are under active
development and can be obtained from National Institute of Stan-
dards and Technology (NIST).
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Other CFD programs (too numerous to include here), both com-
mercially available and in the public domain, have been used to
model fire scenarios in road and rapid transit tunnels and stations.
The strengths and weaknesses of each program should be investi-
gated beforehand, and validation of results against experimental
data or an equivalent program is encouraged.

Tunnel Fires

Fires occurring in tunnels are more difficult to deal with than
those occurring in one of the other enclosed vehicular facilities, in a
normal building, or in the open. In a tunnel, firefighting is extremely
complex, because access to the tunnel is difficult in the event of a
fire. The fire cannot be fought from outside the tunnel, as can be
done with a building; it must be fought from within the tunnel, often
in the same space where the fire is burning.

Fires occur in tunnels far less frequently than in buildings; how-
ever, because of the unique nature of a tunnel fire, they are more dif-
ficult to suppress and extinguish and usually get more attention.
There is a long list of tunnel fires; the most complete history of fires
in tunnels exists for road tunnels, a partial listing of which is in-
cluded in Table 1. Similar information is available for rail fires
(Meacham et al. 2010).

Design Fires. Design fires form the base input for emergency
ventilation design analyses and are defined in terms of heat
release rate, species output, and soot yields as functions of time.
A design fire scenario is an input parameter that defines the igni-
tion source, fire growth on the first item, possible spread of fire to
adjacent combustibles, interaction between the fire and the enclo-
sure and environment, and eventual fire decay and extinction.

Limited data are available regarding the magnitude and severity
of vehicle design fires. In the absence of more specific data, the
information available provides first-order guidance in selecting an
appropriate design fire for the evaluation of an enclosed vehicular
facility such as a tunnel (road or rail) or station (bus or rail).

PIARC (1999) and NFPA Standard 502 provide summaries of
vehicle fire tests. Additional information can be found in Atkinson
etal. (2001), Ingason (2006), Joyeux (1997), and Mangs and Keski-
Rahkonen (1994a, 1994b).

Fire Detection. Fire detection systems are necessary to alert
tunnel operators of potential unsafe conditions. There are a range of
methods available to detect fire and smoke within road/rail tunnels
and rail stations, including linear (line-type) heat detection, CCTV
video image smoke detection, flame detection, smoke and heat
detectors, and spot-type detection. Fire detection systems should be
selected to support the fire safety goals and objectives and the
overall fire safety program, which can include notifying occupants
to allow for safe evacuation, modifying tunnel ventilation or opera-
tions, and notifying emergency responders.

NFPA Standards 130 and 502 provide general requirements for
fire detections systems in transportation tunnels. These documents
reference codes, such as NFPA Standard 72, that provide design
requirements for fire detection and occupant notification. Publi-
cations developed by the Road Tunnel Operation Technical Com-
mittee of PIARC (2007b, 2008) include specific guidance on the
application of these systems. There have been several research
projects that can also provide additional information to assist with
developing detection system concepts and designs (Liu et al. 2006,
2009; Kashef et al. 2009; Zalosh and Chantranuwat 2003). Bende-
lius (2008) provides information on advantages and disadvantages
and selection of fire detection methods in tunnels.

Road Tunnels

A road tunnel is an enclosed vehicular facility with an operating
roadway for motor vehicles passing through it. Road tunnels may be
underwater (subaqueous), mountain, or urban, or may be created by
air-right structures over a roadway or overbuilds of a roadway.
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Table 1 List of Road Tunnel Fires

Damage
Year Tunnel Country Length, m Fire Duration People Vehicles Structure
1949 Holland United States 2550 4h 66 injured 10 trucks Serious
13 cars
1974 Mont Blanc France/Italy 11 600 15 min 1 injured — —
1976 Crossing BP France 430 1h 12 injured 1 truck Serious
1978 Velsen Netherlands 770 1 h 20 min 5 dead 4 trucks Serious
5 injured 2 cars
1979 Nihonzaka Japan 2 045 159 h 7 dead 127 trucks Serious
1 injured 46 cars
1980 Kajiwara Japan 740 — 1 dead 2 trucks Serious
1982 Caldecott United States 1028 2 h 40 min 7 dead 3 trucks Serious
2 injured 1 bus
4 cars
1983 Pecorila Galleria Italy 662 — 9 dead 10 cars Limited
22 injured
1986 L’Arme France 1105 — 3 dead 1 truck Limited
5 injured 4 cars
1987 Gumefens Switzerland 343 2h 2 dead 2 trucks Slight
1 van
1990 Roldal Norway 4656 50 min 1 injured — Limited
1990 Mont Blanc France/Italy 11 600 — 2 injured 1 truck Limited
1993 Serra Ripoli Italy 442 2 h 30 min 4 dead 5 trucks Limited
4 injured 11 cars
1993 Hovden Norway 1290 1h 5 injured 1 motorcycle Limited
2 cars
1994 Huguenot South Africa 3914 1h 1 dead 1 bus Serious
28 injured
1995 Pfander Austria 6719 1h 3 dead 1 truck Serious
4 injured 1 van
1 car
1996 Isola delle Femmine Italy 148 — 5 dead 1 tanker Serious
20 injured 1 bus
18 cars
1999 Mont Blanc France/Italy 11 600 — 39 dead 23 trucks Serious
10 cars
1 motorcycle
2 fire engines
1999 Tauern Austria 6401 — 12 dead 14 trucks Serious
49 injured 26 cars
2000 Seljestad Norway 1272 45 min 6 injured 1 truck —
4 cars
1 motorcycle
2001 Praponti Italy 4409 — 19 injured — Serious
2001 Gleinalm Austria 8320 — 5 dead — —
4 injured
2001 Propontin Italy 4409 — 14 injured 1 car —
2001 Gleinalm Austria 8300 — 5 dead — —
4 injured
2001 Guldborgsund Denmark 460 — 5 dead — —
6 injured
2001 St. Gotthard Switzerland 16 920 — 11 dead 2 heavy-goods vehicle —
2002 Ostwaldiberg Austria — — 1 dead — —
2003 44-France France 618 — 2 dead 1 car —
1 motorcycle
2003 Baregg Switzerland 1390 — 2 dead 4 trucks Serious
21 injured 3 fire engines
2004 Baregg Switzerland 1 080 — 1 dead 1 car —
1 injured 1 truck
2005 Frejus France-Italy 12 870 6h 2 dead 4 trucks —
1 fire engine
2006 Viamala Switzerland 742 — 9 dead — —
6 injured

Source: PIARC (2007a, 2007b)



Enclosed Vehicular Facilities

All road tunnels require ventilation to remove contaminants pro-
duced during normal engine operation. Normal ventilation may be
provided by natural means, by traffic-induced piston effects, or by
mechanical equipment. The method selected should be the most
economical in both construction and operating costs.

Ventilation must also provide control of smoke and heated gases
from a fire in the tunnel. Smoke flow control is needed to provide an
environment suitable for both evacuation and rescue in the evacua-
tion path. Emergency ventilation can be provided by natural means,
by taking advantage of the buoyancy of smoke and hot gases, or by
mechanical means.

Ventilation Modes. A range of mechanical ventilation is typically
considered for road tunnels: normal, congested, emergency, and tem-
porary, as discussed in the section on Tunnel Ventilation Concepts.

Ventilation Systems. Ventilation must dilute contaminants
during normal and congested tunnel operations and control smoke
during emergency operations. Factors affecting ventilation system
selection include tunnel length, cross section, and grade;
surrounding environment; traffic volume, direction (i.e., unidirec-
tional or bidirectional), and mix; and construction cost.

Natural and traffic-induced ventilation systems are adequate for
relatively short tunnels, and for those with low traffic volume or
density. Long, heavily traveled tunnels should have mechanical
ventilation systems. The tunnel length at which this change takes
effect is somewhere between 350 and 650 m.

Natural Ventilation. Airflow through a naturally ventilated
tunnel can be portal-to-portal (Figure 2A) or portal-to-shaft (Fig-
ure 2B). Portal-to-portal flow functions best with unidirectional
traffic, which produces a consistent, positive airflow. In this case,
air speed in the roadway area is relatively uniform, and the con-
taminant concentration increases to a maximum at the exit portal.
Under adverse atmospheric conditions, air speed may decrease and
contaminant concentration may increase, as shown by the dashed
line in Figure 2A.

Introducing bidirectional traffic into such a tunnel further re-
duces longitudinal airflow and increases the average contaminant
concentration. The maximum contaminant level in a tunnel with
bidirectional traffic will not likely occur at the portal, and will not
necessarily occur at the midpoint of the tunnel.
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A naturally ventilated tunnel with an intermediate shaft (Figure
2B) is better suited for bidirectional traffic; however, airflow through
the shaft is also affected by adverse atmospheric conditions. The
stack effect benefit of the shaft depends on air/rock temperatures,
wind, and shaft height. Adding more than one shaft to a tunnel may
be more of a disadvantage than an advantage, because a pocket of
contaminated air can be trapped between the shafts.

Naturally ventilated tunnels under 1000 m long do not require
emergency ventilation to extract smoke and hot gases generated
during a fire if it can be shown by an engineering analysis that the
level of safety provided by a mechanical ventilation system can be
equaled or exceeded by enhancing the means of egress, natural ven-
tilation, or the use of smoke storage as approved by the authority
having jurisdiction (per NFPA Standard 502). Because of the un-
certainties of natural ventilation, especially the effects of adverse
meteorological and operating conditions, reliance on natural venti-
lation to maintain carbon monoxide (CO) levels for tunnels over 240
m long should be thoroughly evaluated. This is particularly
important for tunnels with anticipated heavy or congested traffic. If
natural ventilation is deemed inadequate, a mechanical system
should be considered for normal operations.

Smoke from a fire in a tunnel with only natural ventilation is
driven primarily by the buoyant effects of hot gases and tends to
flow upgrade. The steeper the grade, the faster the smoke moves,
thus restricting the ability of motorists trapped between the incident
and a portal at higher elevation to evacuate the tunnel safely. As
shown in Table 2, the Massachusetts Highway Department and Fed-
eral Highway Administration (MHD/FHWA) (1995) demonstrated
how smoke moves in a naturally ventilated tunnel.

Mechanical Ventilation. A tunnel that is long, has a heavy traffic
flow, or experiences frequent adverse atmospheric conditions,
requires fan-based mechanical ventilation. Options include longitu-
dinal ventilation, semitransverse ventilation, and full transverse
ventilation.

Longitudinal ventilation introduces or removes air from the
tunnel at a limited number of points, creating longitudinal airflow
along the roadway. Longitudinal ventilation can be accomplished
either by push-pull vent shafts, injection, jet fan operation, or a
combination of injection and extraction at intermediate points in
the tunnel. Injectors and jet fans are classified as impulse systems,
because they impart a momentum to the tunnel flow, as the primary
high-velocity jet diffuses out. At start-up, this thrust causes the air
in the tunnel to accelerate until equilibrium is established between
this force and the opposing drag forces due to viscous friction and
the additional pressure losses at the tunnel portals, traffic, wind,
and fire, etc.

Injection longitudinal ventilation, frequently used in rail tun-
nels, uses externally located fans to inject air into the tunnel through
a high-velocity Saccardo nozzle, as shown in Figure 3A. This air
injection, usually in the direction of traffic flow, induces additional
longitudinal airflow. The Saccardo nozzle functions on the principle
that a high-velocity air jet injected at a small angle to the tunnel axis
can induce a high-volume longitudinal airflow in the tunnel. The

Table 2 Smoke Movement During Natural Ventilation Tests

Smoke Smoke
Fire Heat Release Rate, ]I; ay.er Fills Peak
MW egins Tunnel Smoke
Test Descent, Roadway, Velocity,
No. Nominal Peak min min m/s
501 20 29 3+ 5 6.1
502 50 57 1+ 3 8.1

Note: Tunnel grade is 3.2%.
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amount of induced flow depends primarily on the nozzle area, dis-
charge velocity and angle of the nozzle, as well as downstream air
resistances. This type of ventilation is most effective with unidirec-
tional traffic flow.

With injection longitudinal ventilation, air speed remains uni-
form throughout the tunnel, and the contaminant concentration in-
creases from zero at the entrance to a maximum at the exit. Adverse
atmospheric conditions can reduce system effectiveness. The con-
taminant level at the exit increases as airflow decreases or tunnel
length increases.

Injection longitudinal ventilation, with supply at a limited
number of tunnel locations, is economical because it requires the
fewest fans, places the least operating burden on fans, and requires
no distribution air ducts. As the length of the tunnel increases, how-
ever, disadvantages become apparent, such as excessive air veloci-
ties in the roadway and smoke being drawn the entire length of the
roadway during an emergency.

The main aerodynamic differences between the jet fan and Sac-
cardo injectors are that the injectors impart thrust at one location in
the tunnel, whereas in jet fan systems this thrust is distributed along
the tunnel. Injectors use outdoor air as primary flow, whereas the
primary airflow in jet fans enters the fan inlet from the tunnel.

Saccardo injectors may operate in a flow induction mode (low
tunnel air resistance) or flow rejection (high tunnel air resistance);
both are acceptable. This means there may be flow reversal at the
nozzle position with flow exiting the near portal, whereas jet fans
always induce flow from one portal to the other. Flow under jet fans
in a highly resistive tunnel may recirculate, but this is a strictly local
feature.

A brief comparison of the technical and economic features of the
two longitudinal impulse ventilation systems reveals the following:

Jet fans have little or no civil engineering costs for installation, but
have significant electrical cabling costs. Saccardo injectors
require expensive civil engineering work to install the fans at the
tunnel portal, with no cabling distribution costs.

Routine maintenance or emergency repair work on jet fans usually
requires disruption of normal tunnel service and availability; this is
not the case for Saccardo injectors, which can be accessed externally.
Saccardo injectors eliminate electrical cabling in the tunnel, pro-
viding a clear safety and cost advantage over jet fans.

Jet fans take up headroom in the tunnel ceiling, which limits the
effective dynamic clearance envelope of the traffic, whereas Sac-
cardo injectors are located outside the tunnel, making them ideal
in tightly configured tunnels.

Saccardo injectors deliver their thrust at a single point, making
them quite vulnerable to local tunnel fixtures. For example, a
badly placed traffic sign, LED display, lighting equipment, or any
significant blockage near the outlet of an ejector can cause a
dramatic drop in ejector performance, whereas jet fans are less
affected, because their thrust is distributed.

Jet fans are also derated when operating at elevated temperatures
during a fire (lower density), whereas injectors are both safely
outside the fire’s reach as well as immune to thrust reduction by
virtue of using fresh air for primary intake. This makes Saccardo
injectors ideal for emergency smoke clearance. The high air
velocities in the path of egress should be assessed.

These relative merits are crucial at the initial concept phase, when
deciding on the type of ventilation system for any particular tunnel.

A longitudinal ventilation system with one fan shaft (Figure 3B)
is similar to the naturally ventilated system with a shaft, except that
it provides a positive stack effect. Bidirectional traffic in a tunnel
ventilated this way causes peak contaminant concentration at the
shaft. For unidirectional tunnels, contaminant levels become unbal-
anced.
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Another form of longitudinal system has two shafts near the cen-
ter of the tunnel: one for exhaust and one for supply (Figure 3C). In
this arrangement, part of the air flowing in the roadway is replaced
by the interaction at the shafts, which reduces the concentration of
contaminants in the second half of the tunnel. This concept is only
effective for tunnels with unidirectional traffic flow. Adverse wind
conditions can reduce tunnel airflow by short-circuiting the flow of
air from the supply fan shaft/injection port to the exhaust fan/shaft,
which causes contaminant concentrations to increase in the second
half of the tunnel.

Construction costs of two-shaft tunnels can be reduced if a single
shaft with a dividing wall is constructed. However, this significantly
increases the potential for short-circuited airflows from supply shaft
to exhaust shaft; under these circumstances, the separation between
exhaust shaft and intake shaft should be maximized.

Jet fan longitudinal ventilation has been installed in a number
of tunnels worldwide. With this scheme, specially designed axial
fans (jet fans) are mounted at the tunnel ceiling (Figure 3D). This
system eliminates the space needed to house ventilation fans in a sep-
arate structure or ventilation building, but may require greater tunnel
height or width to accommodate the jet fans so that they are outside
of the tunnel’s dynamic clearance envelope. This envelope, formed
by the vertical and horizontal planes surrounding the roadway in a
tunnel, defines the maximum limits of the predicted vertical and lat-
eral movement of vehicles traveling on the roadway at design speed.
As tunnel length increases, however, disadvantages become
apparent, such as excessive air speed in the roadway and smoke
being drawn the entire length of the roadway during an emergency.

Longitudinal ventilation is the most effective method of smoke
control in a road tunnel with unidirectional traffic. A ventilation
system must generate sufficient longitudinal air velocity to prevent
backlayering of smoke (movement of smoke and hot gases against
ventilation airflow in the tunnel roadway). The air velocity neces-
sary to prevent backlayering over stalled or blocked motor vehicles
is the minimum velocity needed for smoke control in a longitudinal
ventilation system and is known as the critical velocity.

Semitransverse ventilation can be configured for supply or
exhaust. This type of ventilation involves the uniform distribution
(supply) or collection (exhaust) of air throughout the length of a
road tunnel. Semitransverse ventilation is normally used in tunnels
up to about 2000 m; beyond that length, tunnel air velocity near the
portals becomes excessive.

Supply semitransverse ventilation in a tunnel with bidirec-
tional traffic produces a uniform level of contaminants throughout,
because air and vehicle exhaust gases enter the roadway area at the
same uniform rate. With unidirectional traffic, additional airflow is
generated by vehicle movement, thus reducing the contaminant
level in the first half of the tunnel (Figure 4A).

Because tunnel airflow is fan-generated, this type of ventilation
is not adversely affected by atmospheric conditions. Air flows the
length of the tunnel in a duct with supply outlets spaced at predeter-
mined distances. Fresh air is best introduced at vehicle exhaust pipe
level to dilute exhaust gases immediately. The pressure differential
between the duct and the roadway must be enough to counteract the
effects of piston action and adverse atmospheric winds.

If a fire occurs in the tunnel, the supply air initially dilutes the
smoke. Supply semitransverse ventilation should be operated in
reverse mode for the emergency, so that fresh air enters through the
portals and creates a tenable environment for both emergency egress
and firefighter ingress. Therefore, a supply semitransverse ventila-
tion system should preferably have a ceiling supply (in spite of the
disadvantage during normal operations) and reversible fans, so that
smoke can be drawn up to the ceiling during a tunnel fire.

Exhaust semitransverse ventilation (Figure 4B) in a tunnel
with unidirectional traffic flow produces a maximum contaminant
concentration at the exit portal. In a tunnel with bidirectional traffic
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flow, the maximum concentration of contaminants is located near
the center of the tunnel. A combination supply and exhaust semi-
transverse system (Figure 4C) should be applied only in a unidirec-
tional tunnel where air entering with the traffic stream is exhausted
in the first half of the tunnel, and air supplied in the second half of
the tunnel is exhausted through the exit portal.

In a fire emergency, both exhaust semitransverse ventilation and
(reversed) semitransverse supply create a longitudinal air velocity in the
tunnel roadway, and extract smoke and hot gases at uniform intervals.

Full transverse ventilation is used in extremely long tunnels
and in tunnels with heavy traffic volume. It uses both a supply and
an exhaust duct system to uniformly distribute supply air and collect
vitiated air throughout the tunnel length (Figure 5). Because a tun-
nel with full transverse ventilation is typically long and served by
more than one mechanical ventilation system, it is usually config-
ured into ventilation zones, each served by a dedicated set of supply
and exhaust fans. Each zone can be operated independently of adja-
cent zones, so the tunnel operator can change the direction of air-
flow in the tunnel by varying the level of operation of the supply and
exhaust fans. This feature is important during fire emergencies.

With this ventilation system arrangement in balanced operation,
air pressure along the roadway is uniform and there is no longi-
tudinal airflow except that generated by the traffic piston effect,
which tends to reduce contaminant levels. The pressure differential
between the ducts and the roadway must be sufficient to ensure
proper air distribution under all ventilation conditions.

During a fire, exhaust fans in the full transverse system should
operate at the highest available capacity, and supply fans should
operate at a somewhat lower capacity. This allows the stratified smoke
layer (at the tunnel ceiling) to remain at that higher elevation and be
extracted by the exhaust system without mixing, and allows fresh air
to enter through the portals, which creates a tenable environment for
both emergency egress and firefighter ingress.

In longer tunnels, individual ventilation zones should be able to
control smoke flow so that the zone with traffic trapped behind a fire
is provided with maximum supply and no exhaust, and the zone on
the other side of the fire (where unimpeded traffic has continued
onward) is provided with maximum exhaust and minimum or no
supply.

Full-scale tests conducted by Fieldner et al. (1921) showed
that supply air inlets should be at vehicle exhaust pipe level, and
exhaust outlets should be in the tunnel ceiling for rapid dilution
of exhaust gases under nonemergency operation. Depending on
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the number of traffic lanes and tunnel width, airflow can be con-
centrated on one side, or divided over two sides.

Other Ventilation Systems. There are many variations and combina-
tions of the road tunnel ventilation systems described here. Most hybrid
systems are configured to solve a particular problem faced in the devel-
opment and planning of a specific tunnel, such as excessive air contam-
inants exiting at the portal(s). Figure 6 shows a hybrid system
developed for a tunnel with a near-zero level of acceptable contaminant
discharge at one portal. This system is essentially a semitransverse sup-
ply system, with a semitransverse exhaust system added in section 3.
The exhaust system minimizes pollutant discharge at the exit portal,
which is located near extremely sensitive environmental receptors.

Ventilation System Enhancements. Single-point extraction is an
enhancement to a transverse system that adds large openings to the
extraction (or exhaust) duct. These openings include devices that
can be operated during a fire emergency to extract a large volume of
smoke as close to the fire source as possible. Tests proved this con-
cept effective in reducing air temperature and smoke volume in the
tunnel. The size of the duct openings tested ranged from 9.3 to 28 m?2
(MHD/FHWA 1995).

Oversized exhaust ports are simply expanded exhaust ports
installed in the exhaust duct of a transverse or semitransverse
ventilation system. Two methods are used to create this configura-
tion. One is to install a damper with a fusible link; another uses a
material that, when heated to a specific temperature, melts and
opens the airway. Meltable materials showed only limited success in
testing (MHD/FHWA 1995).

Normal Ventilation Air Quantities.

Contaminant Emission Rates. Because of the asphyxiate nature of
the gas, CO is the exhaust gas constituent of greatest concern from
spark-ignition engines. From compression-ignition (diesel) engines,
the critical contaminants are nitrogen oxides (NO,) such as nitric oxide
(NO) and nitrogen dioxide (NO,). Tests and operating experience indi-
cate that, when CO level is properly diluted, other dangerous and objec-
tionable exhaust by-products are also diluted to acceptable levels,
although this trend needs review with respect to newer vehicle fleets.
An exception is the large amount of unburned hydrocarbons from vehi-
cles with diesel engines; when diesel-engine vehicles exceed 15% of
the traffic mix, visibility in the tunnel can become a serious concern. In
addition, suspended particles from tires and general road dust are grad-
ually forming a larger percentage of particulate matter in the tunnel
environment, and must be considered in addition to engine emissions.
The section on Bus Terminals includes further information on diesel
engine contaminants and their dilution.

Vehicle emissions of CO, NO,, and hydrocarbons for any given
calendar year can be predicted for cars and trucks operating in the
United States by using the MOBILE models, developed and main-
tained by the U.S. Environmental Protection Agency (EPA 2002). In
contaminant emission rate analyses, the following practices and
assumptions may be implemented:
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* CO emission rates are higher during acceleration and deceleration
than at constant speed,; this effect may be accounted for by adding
a 10% safety factor to the computations.

» The effect of positive or negative grades up to 2% is usually

neglected. Engineers should use judgment, or available data, in

applying correction factors for positive grades greater than

2%.

Traffic is assumed to move as a unit, with a constant space interval

between vehicles, regardless of roadway grade.

» Average passenger vehicle dimensions may be assumed where
specific vehicle data are unavailable.

Table 3 presents typical physical data for automobiles for use in
normal ventilation air quantity analyses.

Allowable Carbon Monoxide. EPA’s (1975) supplement to its
Guidelines for Review of Environmental Impact Statements con-
cerns the concentration of CO in tunnels. This supplement evolved
into a design approach based on keeping CO concentration at or
below 143 mg/m3 (125 ppm), for a maximum 1 h exposure time, for
tunnels located at or below an altitude of 1000 m. In 1989, the EPA
revised its recommendations for maximum CO levels in tunnels
located at or below an altitude of 1500 m to the following:

* A maximum of 137 mg/m3 (120 ppm) for 15 min exposure
* A maximum of 74 mg/m3 (65 ppm) for 30 min exposure
+ A maximum of 52 mg/m3 (45 ppm) for 45 min exposure
+ A maximum of 40 mg/m3 (35 ppm) for 60 min exposure

These guidelines do not apply to tunnels in operation before the
adoption date.

Athigher elevations, vehicle CO emissions are greatly increased,
and human tolerance to CO exposure is reduced. For tunnels above
1500 m, the engineer should consult with medical authorities to
establish a proper design value for CO concentrations. Unless
otherwise specified, the material in this chapter refers to tunnels at
or below an altitude of 1500 m.

Outdoor air standards and regulations such as those from the
Occupational Safety and Health Administration (OSHA) and the
American Conference of Governmental Industrial Hygienists
(ACGIH) are discussed in the section on Bus Terminals.

Emergency Ventilation Air Quantities. A road tunnel ven-
tilation system must be able to protect the traveling public during
the most adverse and dangerous conditions (e.g., fires), as well
as during normal conditions. Establishing the requisite air vol-
ume requirements is difficult because of many uncontrollable
variables, such as the possible number of vehicle combinations
and traffic situations that could occur during the lifetime of the
facility.

For many years, the rule of thumb has been 0.155 m3/s per lane-
metre. The Memorial Tunnel Fire Ventilation Test Program (MHD/
FHWA 1995) showed that this value is, in fact, a reasonable first
pass at an emergency ventilation rate for a road tunnel.

Longitudinal flow, single-point extraction, and dilution are three
primary methods for controlling smoke flow in a tunnel. Both lon-
gitudinal flow and single-point extraction depend on the ability of

Table 3 Average Dimensional Data for Automobiles Sold
in the United States

Size/Class Wheelbase, m Length, m Frontal Area, m?
Subcompact 2.4 43 1.6
Compact 2.7 4.8 1.8
Midsize 3.0 5.5 2.0

Large 3.0 5.6 2.1
Average 2.80 5.06 1.89
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the emergency ventilation system to generate the critical velocity
necessary to prevent backlayering.

Critical Velocity. The concept of critical velocity is addressed in
the section on Design Approach, under Tunnels.

Design Fire Size. The design fire size selected significantly
affects the magnitude of the critical velocity needed to prevent back-
layering. Table 4 provides typical fire size data for a selection of
road tunnel vehicles.

Temperature. A fire in a tunnel significantly increases air tem-
perature in the tunnel roadway and exhaust duct. Thus, both the
tunnel structure and ventilation equipment are exposed to the
high smoke/gas temperature. The air temperatures shown in Table
5 provide guidance in selecting design exposure temperatures for
ventilation equipment.

Testing. The Memorial Tunnel Fire Ventilation Test Program was
a full-scale test program conducted to evaluate the effectiveness of
various tunnel ventilation systems and ventilation airflow rates to
control smoke from a fire (MHD/FHWA 1995). The results are
useful in developing both emergency tunnel ventilation systems and
emergency operational procedures.

Pressure Evaluation. Air pressure losses in tunnel ducts must be
evaluated to compute the fan pressure and drive requirements. Fan
selection should be based on total pressure across the fans, not on
static pressure alone.

Fan total pressure (FTP) is defined by ASHRAE Standard 51/
AMCA Standard 210 as the algebraic difference between the total
pressures at fan discharge (TP,) and fan inlet (TP, ), as shown in Fig-
ure 7. The fan velocity pressure (FVP) is defined as the pressure
(VP,) corresponding to the bulk air velocity and air density at the
fan discharge:

FVP = VP, 3)

Fan static pressure (FSP) is equal to the difference between fan
total pressure and the fan velocity pressure:

Table 4 Typical Fire Size Data for Road Vehicles
Peak Fire Heat Release Rate,

Cause of Fire MW
Passenger car 5to 10
Multiple passenger cars (2 to 4 Vehicles) 10 to 20
Bus 20 to 30
Heavy goods truck 70 to 200
Tanker3 200 to 300
Source: NFPA Standard 502 (2008).

Notes:

1. The designer should consider rate of fire development peak heat release rates may be
reached within 10 min), number of vehicles that could be involved in fire, and
potential for fire to spread from one vehicle to another.

2. Temperatures directly above fire can be expected to be as high as 1000 to 1400°C.

3. Flammable and combustible liquids for tanker fire design should include adequate
drainage to limit area of pool fire and its duration. Heat release rate may be greater
than listed if more than one vehicle is involved.

Table 5 Maximum Air Temperatures at Ventilation Fans
During Memorial Tunnel Fire Ventilation Test Program

Nominal FHRR, TemperatureatCentral Temperature at Jet
MW Fans,? °C Fans, °C
20 107 232
50 124 371
100 163 677

Source: MHD/FHWA (1995)

FHRR = Fire heat release rate

aCentral fans located 213 m from fire site.
bJet fans located 52 m downstream of fire site.
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FSP =FTP - FVP “4)

TP, must equal total pressure losses ATP,_; in the discharge duct
and exit pressure TP;. Static pressure at the exit SP; is equal to zero.

TP, = ATP, ; + TPy = ATP, ; + VP, (5)

Likewise, total pressure at fan inlet TP, must equal the total pres-
sure losses in the inlet duct and the inlet pressure:

TP, = TP, + ATP, | (6)

Straight Ducts. Straight ducts in tunnel ventilation systems either
(1) transport air or (2) uniformly distribute (supply) or collect (ex-
haust) air. Several methods have been developed to predict pressure
losses in a duct of constant cross-sectional area that uniformly dis-
tributes or collects air. The most widely used method was developed
for the Holland Tunnel in New York (Singstad 1929). The following
relationships, based on Singstad’s work, give pressure losses at any
point in a duct.

Total pressure for a supply duct

2
~ Pa)[Volarz? 7% BLZ
”TP‘*[;]{T[W‘“‘”?}Z?} @

Static pressure loss for an exhaust duct
0 \[Vol arZ’  37°
Pg=P + 22| 2 + +
g )| 2|(B3+c)H (2+¢)

P = total pressure loss at any point in duct, Pa
= static pressure loss at any point in duct, Pa
P, = pressure at last outlet, Pa

p, = density of air, kg/m3

BLZ
|
2H(1+¢)

oo
I

V, = velocity of air entering duct, m/s
L = total length of duct, m

X = distance from duct entrance to any location, m

Z=(L-X)L

H = hydraulic radius, m

K = constant accounting for turbulence = 0.615

a = constant related to coefficient of friction for concrete = 0.0035
B = constant related to coefficient of friction for concrete
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=0.00012 m*#/s?
¢ = constant relating to turbulence of exhaust port
= 0.20 for exhaust rates less than 0.31 m3/s per metre
= 0.25 for exhaust rates greater than 0.31 m3/s per metre
g, = gravitational constant = 1.0 (m-kg)/(N-s?)

The geometry of the exhaust air slot connection to the main
duct is a concern in deriving the exhaust duct equation. The deri-
vation is based on a 45° angle between the slot discharge and the
main airstream axes. Variations in this angle can greatly affect the
energy losses at the convergence from each exhaust slot, with total
pressure losses for a 90° connection increasing by 50 to 100% over
those associated with 45° angles (Haerter 1963).

For distribution ducts with sections that differ along their
length, these equations may also be solved sequentially for each
constant-area section, with transition losses considered at each
change in section area. For a transport duct with constant cross-
sectional area and constant air velocity, pressure losses are due to
friction alone and can be computed using the standard expressions
for losses in ducts and fittings (see Chapter 21 of the 2017 ASHRAE
Handbook—Fundamentals).

Carbon Monoxide Analyzers and Recorders. Air quality in a
tunnel should be monitored continuously at several key points. CO
is the contaminant usually selected as the prime indicator of tunnel
air quality, although in some of the more recent European road tun-
nels, NO, and visibility levels are now the main indicators driving
ventilation requirements, perhaps because of the prominence of die-
sel cars. CO-analyzing instruments base their measurements on one
of the following three processes:

« Catalytic oxidation (metal oxide) analysis offers reliability and
stability at a moderate initial cost. Maintenance requirements are
low, plus these instruments can be calibrated and serviced by
maintenance personnel after only brief instruction.

* Infrared analysis is sensitive and responsive, but has a high initial

cost. This instrument is precise but complex, and requires a highly

trained technician for maintenance and servicing.

Electrochemical analysis is precise; the units are compact, light-

weight, and moderately priced, but they have a limited life (usually

not exceeding two years) and thus require periodic replacement.

As shown in Figures 1 to 4, the location of the peak emission
concentration level in a road tunnel is a function of both traffic oper-
ation (unidirectional versus bidirectional) and type of ventilation
provided (natural, longitudinal, semitransverse, or full transverse).
Generally, time-averaged CO concentrations for the full length of
the tunnel are needed to determine appropriate ventilation rates and/
or required regulatory reporting. Time-averaged concentrations are
particularly important in road tunnels where the ventilation system
control is integrated with the CO monitoring system.

CO sampling locations in a road tunnel should be selected care-
fully to ensure meaningful results. For example, samples taken too
close to an entry or exit portal do not accurately represent the
overall level that can be expected throughout the tunnel. Multiple
sampling locations are recommended to ensure that a reasonable
average is reported. Multiple analyzers are also recommended to
provide a reasonable level of redundancy in case of analyzer failure
or loss of calibration. In longer road tunnels, which may have mul-
tiple, independently operated ventilation zones, the selected sam-
pling locations should provide a representative CO concentration
level for each ventilation zone. Strip chart recorders and micropro-
cessors are commonly used to keep a permanent record of road
tunnel CO levels.

CO analyzers and their probes should not be located directly in a
roadway tunnel or in its exhaust plenum. Instead, an air pump
should draw samples from the tunnel/exhaust duct through a sample
line to the CO analyzer. This configuration eliminates the possibility
of in-tunnel air velocities adversely affecting the instrument’s accu-
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racy. The length of piping between sampling point and CO analyzer
should be as short as possible to maintain a reasonable air sample
transport time.

Haze or smoke detectors have been used on a limited scale, but
most of these instruments are optical devices and require frequent or
constant cleaning with a compressed air jet. If traffic is predominantly
diesel-powered, smoke haze and NO,, gases require individual moni-
toring in addition to that provided for CO.

Local regulations should be reviewed to determine whether ven-
tilation exhaust monitoring is required for a particular road tunnel.
If so, for tunnels using full transverse ventilation systems, CO and
NO, pollutant sampling points should be placed carefully within the
exhaust stacks/plenums. For longitudinally ventilated tunnels, sam-
pling points should be located at least 30 m in from the exit portal.

Controls.

Centralized Control. To expedite emergency response and to
reduce the number of operating personnel for a given tunnel, all
ventilating equipment should be controlled at a central location.
New tunnels are typically provided with computer-based control
systems, which function from operational control centers. In some
older tunnel facilities, fan operation is manually controlled by an
operator at a central control board. The control structure for newer
road tunnel ventilation systems is typically supervisory control
and data acquisition (SCADA), with programmable logic control-
lers (PLCs) providing direct control hardware over the associated
electrical equipment. The operational control center varies from
one stand-alone PC (with SCADA software providing dedicated
ventilation control), to redundant client/server configurations pro-
viding an integrated control system and real-time database and
alarm systems for tunnel operations (Buraczynski 1997). Commu-
nication links are required between the supervisory SCADA and
PLCs.

The SCADA system operator controls the ventilation equipment
through a graphical user interface, developed as part of the ventila-
tion system design. Preprogrammed responses allow the operator to
select the appropriate ventilation plan or incident response mode.

The SCADA system allows the operator to view equipment
status, trend data values, log data, and use an alarm system. Whereas
older tunnel facilities used chart recorders for each sampling point
to demonstrate that the tunnel was sufficiently ventilated and com-
pliant with environmental air quality standards, new tunnels use
SCADA to log CO levels directly onto a nonvolatile medium, such
as a CD-ROM.

Emergency response functions for road tunnel ventilation re-
quire that control system design meets life safety system standards.
A high-availability system is required to respond on demand to fire
incidents. High availability is obtained by using high-quality indus-
trial components, and by adding built-in redundancy. The design
must protect the system against common event failures; therefore,
redundant communication links are segregated and physically
routed in separate raceways. High-integrity software for both the
PLCs and the SCADA system is another major consideration.

Once a supervisory command is received, the PLC control
handles equipment sequencing (e.g., fan and damper start-up
sequence), least-hours-run algorithms, staggered starting of fans,
and all interlocks. The PLC also receives instrumentation data from
the fan and fan motor, and can directly shut down the fan if needed
(e.g., because of high vibration). Conditions such as high vibration
and high temperature are tolerated during emergency operation.

CO-Based Control. When input to the PLC, recorded tunnel air
quality data allow fan control algorithms to be run automatically.
The PLC controls fans during periods of rising and falling CO lev-
els. Fan operations are usually based on the highest level recorded
from several analyzers. Spurious high levels can occur at sampling
points; the PLC control algorithm prevents the ventilation system
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from responding to short-lived high or low levels. PLC control also
simplifies hardwired systems in older tunnel facilities, and increases
flexibility through program changes.

Timed Control. This automatic fan control system is best suited
for installations that experience heavy rush-hour traffic. With timed
control, the fan operation schedule is programmed to increase the
ventilation level, in preset increments, before the anticipated traffic
increase; it can also be programmed for weekend and public holiday
conditions. The timed control system is relatively simple and is
easily revised to suit changing traffic patterns. Because it anticipates
an increased airflow requirement, the associated ventilation system
can be made to respond slowly and thus avoid expensive demand
charges from the local utility company. One variation of timed con-
trol is to schedule the minimum anticipated number of fans to run,
and to start additional fans if high CO levels are experienced. As
with the CO-based control system, a manual override is needed to
cope with unanticipated conditions.

Traffic-Actuated Control. Several automatic fan control systems
have been based on the recorded flow of traffic. Most require instal-
lation of computers and other electronic equipment needing specific
maintenance expertise.

Local Fan Control. Local control panels are typically provided
for back-up emergency ventilation control and for maintenance/ser-
vicing requirements. The local panels are often hardwired to the fan
starters to make them independent from the normal SCADA/PLC
control system. Protocols for handing over fan control from the
SCADA/PLC system to the local panel must also be established, so
that fans do not receive conflicting operational signals during an
emergency.

Rapid Transit Tunnels and Stations

Modern high-performance, air-conditioned subway vehicles
consume most of the energy required to operate rapid transit and are
the greatest source of heat in the underground areas of a transit
system. An environmental control system (ECS) is intended to
maintain reasonable comfort during normal train operations and
help keep passengers safe during a fire emergency. Minimizing trac-
tion power consumption and vehicle combustible contents reduces
ventilation requirements. The large amount of heat produced by
rolling stock, if not properly controlled, can cause passenger dis-
comfort, shorten equipment life, and increase maintenance require-
ments. Tropical climates present additional concerns for
underground rail transit systems and make environment control
more critical.

Temperature, humidity, air velocity, air pressure change, and rate
of air pressure change help determine ECS performance. These con-
ditions are affected by time of day (i.e., morning peak, evening peak,
or off-peak), circumstance (i.e., normal, congested, or emergency op-
erations), and location in the system (i.e., tunnel, station platform, en-
trance, or stairway). The Subway Environmental Design Handbook
(SEDH) (DOT 1976) provides comprehensive and authoritative de-
sign aids on ECS performance; information in the SEDH is based on
design experience, validated by field and model testing.

Normal operations involve trains moving through the subway
system and stopping at stations according to schedule, and
passengers traveling smoothly through stations to and from transit
vehicles. The piston action of moving trains is the chief means of
providing ventilation and maintaining an acceptable environment
(i.e., air velocity and temperature) in the tunnels. Because normal
operations are predominant, considerable effort should be made to
optimize ECS performance during this mode.

One concern is limiting the air velocity caused by approaching
trains on passengers waiting on the platform. Piston-induced plat-
form air velocities can be reduced by providing a pressure relief
shaft (also known as a blast shaft) at each end of affected platforms.
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During normal train operations, platform passenger comfort is a
function of the temperature and humidity of ambient and station air,
platform air velocity, and duration of exposure to the station environ-
ment. For example, a person entering a 29°C station from 32°C
outdoor conditions will momentarily feel more comfortable, partic-
ularly after a fast-paced walk ending with total rest, even if standing.
However, in a short time, usually about 6 min, the person’s metabo-
lism adjusts to the new environment and produces a similar level of
comfort as before. If a train were to arrive during this period, a rela-
tively high station air temperature would be acceptable.
Traditionally, the relative warmth index (RWI) has quantified this
transient effect, allowing the designer to select an appropriate design
air temperature for the station based on the transient, rather than
steady-state, sensation of comfort. More recently, new transient
thermal comfort models have been developed, leading to more ad-
vanced comfort indices being proposed (Gilbey 2006; Guan et al.
2009). Design temperatures based on the transient approach are typ-
ically higher (often 3 to 5 K) than those selected by the steady-state
approach, and hence result in reduced cooling load and air-
conditioning system requirements.

Congested operations result from delays or operational prob-
lems that prevent the normal dispatch of trains, such as missed head-
ways or low-speed train operations. Trains may wait in stations, or
stop at predetermined locations in tunnels during congested opera-
tions. Delays usually range from 30 s to 20 min, although longer
delays may occasionally be experienced. Passenger evacuations or
endangerment are not expected to occur. Congested ventilation
analyses should focus on the potential need for forced (mechanical)
ventilation, which may be required to control tunnel air tempera-
tures in support of continued operation of train air-conditioning
units. The aim of forced ventilation is to maintain onboard passen-
ger comfort during congestion by operating the vehicle air condi-
tioning system to prevent passengers from evacuating the train.

Emergency operations occur as a result of a fire in a subway
tunnel or station. Fire emergencies include trash fires, track electri-
cal fires, train electrical fires, and acts of arson. Some fires may
involve entire train cars. Station fires are mostly trashcan fires. Sta-
tistically, most fire incidents reported in mass transit systems (up to
99%) are small and low in smoke generation; these fires typically
cause only minor injuries and operational disturbances. The most
serious emergency condition is a fire on a stopped train in a tunnel;
this event disrupts traffic and requires passenger evacuation. For this
case, adequate tunnel ventilation is required to control smoke flow
and enable safe passenger evacuation and safe ingress of emergency
response personnel. Though rare, tunnel fires must be considered
because of their potential life-safety ramifications.

Design Concepts. Elements of underground rail transit ventila-
tion design may be divided into four interrelated categories: natural,
mechanical, and emergency ventilation; and station air conditioning.

Natural Ventilation. Natural ventilation (e.g., ambient air infil-
tration and exfiltration) in subway systems primarily results from
trains moving in tightly fitting tunnels, where air generally moves in
the direction of train travel. The positive air pressure generated in
front of a moving train expels warm air from the subway through
tunnel portals, pressure relief shafts, station entrances, and other
openings; the negative pressure in the wake induces airflow into the
subway through these same openings.

Considerable short-circuiting of airflow occurs in subways when
two trains, traveling in opposite directions, pass each other; espe-
cially in stations or tunnels with porous walls (those with intermittent
openings to allow air passage between trackways). Short-circuiting
can also occur in stations and tunnels with nonporous walls where
alternative airflow paths (e.g., open bypasses, cross-passageways,
adits, crossovers) exist between the trackways. This short-circuited
airflow reduces the net ventilation rate and increases air velocities on
platforms and in entrances. During peak operating periods and high
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ambient temperatures, short-circuited airflow can cause undesirable
heat build-up in the station.

To counter the negative effects of short-circuiting airflow, venti-
lation shafts are customarily located near interfaces between tunnels
and stations. Shafts in station approach tunnels are often called blast
shafts, because part of the tunnel air pushed by an approaching train
is expelled through them before it affects the station environment.
Shafts in station departure tunnels are known as relief shafts,
because they relieve the negative air pressure created by departing
trains. Relief shafts also induce outdoor airflow through the shaft,
rather than through station entrances.

Additional shafts may be provided for natural ventilation be-
tween stations (or between portals, for underwater crossings), as
dictated by tunnel length. The high cost of such ventilation struc-
tures necessitates a design that optimizes effectiveness and effi-
ciency. Internal resistance from offsets and bends in the ventilation
shaft should be kept to a minimum; shaft cross-sectional area should
approximately equal the cross-sectional area of a single-track tunnel
(DOT 1976).

Mechanical Ventilation. Mechanical ventilation in subways
(1) supplements the natural ventilation effects of moving trains,
(2) expels warm air from the system, (3) introduces fresh outdoor
air, (4) supplies makeup air for exhaust, (5) restores the cooling
potential of the tunnel heat sink by extracting heat stored during off
hours or system shutdown, (6) reduces airflow between the tunnel
and station, (7) provides outdoor air for passengers in stations or
tunnels during an emergency or other unscheduled interruptions of
traffic, and (8) purges smoke from the system during a fire, protect-
ing the passengers’ evacuation.

The most cost-effective design for a mechanical ventilation sys-
tem serves multiple purposes. For example, a vent shaft designed for
natural ventilation may also be used for emergency ventilation if a
fan is installed in parallel, as part of a bypass (Figure 8). Current
safety standards require emergency fans to be reversible (NFPA
Standard 130).

Several ventilation shafts and fan plants may be required to work
together to achieve many, if not all, of the eight design objectives.
Depending on the shaft location, design, and local train operating
characteristics, a shaft with an open bypass damper and a closed fan
damper may serve as a blast or relief shaft. With the fan damper
open and the bypass damper closed, air can be mechanically sup-
plied to or exhausted from the tunnel, depending on fan rotation
direction. Except for emergency ventilation, fan rotation direction is
usually predetermined for various operating modes.

If a station is not air conditioned, warm air in the subway should
be exchanged, at the maximum rate possible, with cooler outdoor
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air. If a station is air conditioned below the ambient temperature,
inflow of warmer outdoor air should be limited and controlled.

Figure 9 shows a typical tunnel ventilation system between two
subway stations. Here, flow of warm tunnel air into the station is min-
imized by either normal or mechanical ventilation effects. In Figure
9A, air pushed ahead of the train on Track 2 diverts partially to the
bypass ventilation shaft and partially into the wake of a train on
Track 1, as a result of pressure differences. Figure 9B shows an alter-
native operation with the same ventilation system where mid-tunnel
fans operate in exhaust mode; when outdoor air conditions are favor-
able, makeup air is introduced through the bypass ventilation shafts.
This alternative can also either provide or supplement station ventila-
tion. To achieve this, the bypass shafts are closed, and makeup air for
the mid-tunnel exhaust fans enters through station entrances.

For forced air flow blown under car brake resistor grids, a more
direct mechanical ventilation system (Figure 10) can be designed to
remove station heat at its primary source, the underside of the train.
Field tests have shown that trackway ventilation systems not only
reduce upwelling of warm air into the platform areas, but also
remove significant portions of heat generated by other undercar
sources, such as dynamic-braking resistor grids and, in some cases,
air-conditioning condenser units (DOT 1976), as long as consistent
and steady air movement can be maintained from the heat source
towards the exhaust grille. Ideally, makeup air for trackway exhaust
should be introduced at track level, as in Figure 10A, to provide pos-
itive control over the direction of airflow; however, obstructions in
the vehicle undercarriage area must be avoided when planning
underplatform exhaust port and makeup air supply locations.

A more direct mechanical ventilation system (Figure 10) can be
designed to remove station heat at its primary source, the underside
of the train. Field tests have shown that trackway ventilation sys-
tems not only reduce upwelling of warm air into the platform areas,
but also remove significant portions of heat generated by other
undercar sources, such as dynamic-braking resistor grids and, in
some cases, air-conditioning condenser units (DOT 1976). Ideally,
makeup air for trackway exhaust should be introduced at track level,
as in Figure 10A, to provide positive control over the direction of
airflow; however, obstructions in the vehicle undercarriage area
must be avoided when planning underplatform exhaust port and
makeup air supply locations.

A trackway ventilation system without a dedicated makeup air
supply (Figure 10B), also known as an underplatform exhaust
(UPE) system, is the least effective alternative for heat removal.
General design experience shows that where UPE grilles cannot be
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placed in close proximity to the source of undercar heat because of
space constraints, or when a steady airflow cannot be established
over the heat source towards the UPE grilles, heated undercar air can
escape up through the gap between the car and platform edge, and the
UPE effectiveness is reduced (Tabarra and Guan 2009). With a UPE
system, a quantity of air equal to that withdrawn by the underplat-
form exhaust enters the station control volume, either from the out-
doors or from the tunnels. When the ambient, or tunnel, air
temperature is higher than the station design air temperature, a UPE
system reduces station heat load by removing undercar heat, but it
also increases station heat load by drawing in warmer air, which may
affect platform passenger comfort. Because of these drawbacks, the
effectiveness of a UPE system should be carefully considered and if
possible modeled early, before the station design advances too far.
Figure 10C shows a cost-effective compromise: makeup air is
introduced from the ceiling above the platform. Although heat re-
moval effectiveness of this system may be less than that of the
system with track-level makeup air, the inflow of warm tunnel air
that may occur in a system without makeup air supply is negated.
Newer vehicles have air-conditioning grids above, generating
heat near the ceiling during dwell time in the station. To exhaust this
heat, an overtrack exhaust (OTE) system should be provided. OTE
may be appropriate to remove fire smoke and heat. If analysis indi-
cates that acceptable environmental conditions are achieved with
OTE under normal and emergency conditions, the designer may
consider evaluating the efficiency of the UPE system. The relative
geometries of heat sources must be verified early in the design
cycle, to enable the designer to make an informed decision.
Emergency Ventilation. During a subway tunnel fire, mechanical
ventilation is an important part of the response and smoke control
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strategy. Within subway systems or other enclosed trainways, an
emergency ventilation system is necessary to control the direction
of smoke migration and allow safe evacuation of passengers and
access by firefighters (see NFPA Standard 130). Depending on
vehicle configuration, ventilation fan sizes, and tunnel geometry,
emergency ventilation has the potential to affect fire size and smoke
generation.

The most common method of ventilating a tunnel during a fire is
push-pull fan operation: fans on one side of the fire operate in
supply mode, while fans on the opposite side operate in exhaust
mode. Emergency ventilation analyses should focus on determining
the airflow required to preserve tenable conditions in a single evac-
uation path from the train. The criterion used to design emergency
ventilation for underground transit systems is critical velocity, sim-
ilar to that presented in the section on Road Tunnels. The presence
of nonincident trains should be considered in planning the emer-
gency ventilation system response to specific fire incidents.

Emergency ventilation system design must allow for the unpre-
dictable location of both the disabled train and the fire source.
Therefore, emergency ventilation fans should have full reverse-flow
capability, so that fans on either side of a disabled train can operate
together to control airflow direction and counteract undesired
smoke migration.

When a disabled train is stopped between two stations and fire or
smoke is discovered, outdoor air is supplied by the emergency ven-
tilation fans at the nearest station, and smoke-laden air is exhausted
past the opposite end of the train by emergency ventilation fans at
the next station, unless the location of the fire dictates otherwise.
Passengers can then be evacuated along the tunnel walkways via the
shortest possible route (Figure 11).

Emergency ventilation analysis should consider the possibility
of nonincident trains stopped behind the disabled train. In this case,
emergency fans should be operated so that nonincident trains are
kept in the fresh airstream; if possible, they may be used to evacuate
incident-train passengers. For long subway tunnels, in particular,
analysis should also consider evacuating passengers to a nonin-
cident trackway (through cross passageways), where a dedicated
rescue train can move them to safety. Emergency ventilation
analyses should identify passenger evacuation/firefighter ingress
routes for evaluated scenarios, and fan modes to preserve tenable
conditions in those routes.

When a train fire is discovered, the train should be moved if
possible to the next station, to make passenger evacuation and fire
suppression easier. Emergency management plans must include
provisions to (1) quickly assess any fire or smoke event, (2) com-
municate the situation to an operations control center, (3) establish
the location of the incident train, (4) establish the general location of
the fire, (5) determine the best passenger evacuation route, and (6)
quickly activate emergency ventilation fans to establish smoke flow
control.

Midtunnel and station trackway (OTE) ventilation fans may be
used to enhance emergency ventilation; therefore, these fans must
also operate under high temperatures and have reverse-flow capa-
bility.
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The possibility of a fire on the station platform or in another
public area should also be considered. These fires are generally cre-
ated by rubbish or wastepaper and are thus much smaller than train
fires. However, small station fires can generate considerable smoke
and create panic among passengers. Therefore, stations should be
equipped with efficient fire suppression and smoke extraction sys-
tems. Stations with platform-edge doors should have fire suppres-
sion and smoke extraction systems designed specifically for that
configuration.

The fire heat release rate is an important parameter in subway
emergency ventilation system design. The fire heat release rate for
each vehicle type depends on initiation fire, combustibility of inte-
rior materials, size of the compartment, and ventilation (door and
window openings), and thus must be established individually (see
the Design Fires section for more information). Typical fire size
data for single transit vehicles are as follows:

* Older transit vehicle = 14.7 MW
* New, hardened vehicle = 10.3 MW
* Light rail vehicle =~ 8.8 MW

Smoke obscuration is a key factor in defining a tenable environ-
ment for passenger evacuation, and visibility is often the governing
criterion for station design. The smoke release rate should be calcu-
lated following acceptable procedures (e.g., Society of Fire Protec-
tion Engineers [SFPE] 2008).

Station Air Conditioning. Faster station approach speeds and
closer headways, both made possible by computerized train control,
have increased heat gains in subway stations. The net internal sen-
sible heat gain for a typical two-track subway station, with 40 trains
per hour per track traveling at a top speed of 80 km/h, may reach 1.5
MW, even after some tunnel heat is removed by the heat sink, sta-
tion underplatform exhaust system, or tunnel ventilation system. To
remove this heat from a station with a ventilation system using out-
door air and a maximum air temperature increase of 1.7 K, for
example, would require roughly 660 m3/s of outdoor air. This would
be costly, and air velocities on the platforms would be objectionable
to passengers.

The same amount of sensible heat gain, plus the latent heat and
outdoor air loads (based on a station design air temperature 4 K lower
than ambient), could be handled by about 2.2 MW of refrigeration.
Even if station air conditioning is more expensive at the outset, long-
term benefits include (1) reduced design airflow rates, (2) reduced
ventilation shaft/duct sizing, (3) improved passenger comfort,
(4) increased service life of other station equipment (e.g., escalators,
elevators, fare collection), (5) reduced maintenance requirements for
station equipment and structures, and (6) increased acceptance of the
subway as a viable means of public transportation. Air conditioning
should also be considered for other station ancillary areas, such as
concourse levels and transfer levels. However, unless these walk-
through areas are designed to attract patronage to concessions, the
cost of air conditioning is usually not warranted.

The physical configuration of the station platform level usually
determines the cooling distribution pattern. Platform areas with
high ceilings, local warm spots created by trains, high-density pas-
senger accumulation, or high-level lighting may need spot
cooling. Conversely, where the train length equals platform length
and the ceiling height above the platform is limited to 3 to 3.5 m,
isolating heat sources and using spot cooling are usually not fea-
sible.

In air-conditioned stations, when the enthalpy of outdoor air is
higher than the station air, station air recirculation may be more
economical. Thus, the station cooling system should have the flex-
ibility of reducing the volume of outdoor air in favor of station air,
based on suitably located temperature and humidity sensors. Pro-
vision for dedicated return air ducts from platforms or concourse
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areas with accessible filters should be considered early in station
cooling design.

Air conditioning is more attractive and efficient for stations with
platform-edge doors, which limit air exchange between platform
and tunnels. In tropical climates, separate ventilation systems are
typically used to minimize station air exfiltration and tunnel air
infiltration through platform-edge doors.

Space use in a station structure for air-distribution systems is of
prime concern because of the high cost of underground construc-
tion. Overhead distribution ductwork could add to the depth of exca-
vation during subway construction. The space beneath a subway
station platform is normally an excellent area for low-cost distribu-
tion of supply, return, and/or exhaust air.

Design Method. Subways typically have two discrete sets of envi-
ronmental criteria: one for normal and congested train operations and
one for emergency fire/smoke operations. Criteria for normal opera-
tions include limits on tunnel air temperature (through tunnel ventila-
tion or tunnel cooling) and humidity for various times of the year,
minimum ventilation rates to dilute contaminants generated in the
subway, and limits on the air velocity and rate of air pressure change
to which passengers may be exposed. Some of these criteria are sub-
jective and may vary based on demographics. Criteria for emergency
operations include a minimum purge time to remove smoke from a
subway, critical air velocity for smoke flow control during a tunnel
fire, and minimum and maximum fan-induced tunnel air velocities.

Given a set of criteria, outdoor design conditions, and
appropriate tools for estimating interior heat loads, heat sink effect,
ventilation requirements, tunnel air velocity, and rate of air pressure
changes, design engineers can select components for the environ-
mental control system (ECS). ECS design should consider controls
for tunnel air temperature, velocity, and quality, and the air pressure
change rate. Systems selected generally combine natural and
mechanical ventilation, overtrack and underplatform exhaust, and
station air conditioning.

Train propulsion/braking systems and configuration of the tun-
nels and stations greatly affect the subway environment. Therefore,
the ECS must often be considered during the early stages of subway
system design. Factors affecting a subway environmental control
system are discussed in this section. The Subway Environmental
Design Handbook (SEDH) (DOT 1976) and NFPA Standard 130
have additional information.

Analytical Data. ECS design should be based on all the parame-
ters affecting its operation, including ambient air conditions, train
operating characteristics, applicable ventilation methods, new or
existing ventilation structures, and calculated heat loads. ECS effi-
ciency should be addressed early during transit system design. The
tunnel ventilation system should be integrated with the design of
other tunnel systems (including power, signaling, communications,
and fire/life safety systems) and with the station ventilation system
design. The ECS design must satisfy the project design criteria and
comply with applicable local and national (or international) codes,
standards, and regulations.

The ventilation engineer should be familiar with these require-
ments and apply suitable design techniques, such as computer
modeling and simulations (using verified/validated engineering
software).

Comfort Criteria. Because passenger exposure to the subway
environment is transient, comfort criteria are not as strict as those for
continuous occupancy. As a general principle, the station environ-
ment should provide a smooth transition between outdoor air condi-
tions and thermal conditions in the transit vehicles. Except where
platform edge doors are installed, train movement usually generates
desirable air movement in stations, but air velocity should not exceed
5 m/s in public areas during normal train operations.

Air Quality. Air quality in a subway system is influenced by many
factors, some of which are not under the direct control of the HVAC
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engineer. Some particulates, gaseous contaminants, and odorants in
the ambient air can be prevented from entering the subway system by
judicious selection of ventilation shaft locations. Particulate matter,
including iron and graphite dust generated by normal train opera-
tions, is best controlled by regularly cleaning stations and tunnels.
However, the only viable way to control gaseous contaminants, such
as ozone (produced by electrical equipment) and CO, (from human
respiration), in a subway system is through adequate ventilation with
outdoor air.

Subway system air quality should be analyzed either by engi-
neering calculations or by computer modeling and simulations. The
analysis should consider both the tunnel airflow induced by the pis-
ton effect of moving trains and the outdoor airflow required to dilute
gaseous contaminants to acceptable levels. The results should com-
ply with the Subway Environmental Design Handbook (DOT 1976)
recommendation for at least 4 ach, as well as the recommendation of
ASHRAE Standard 62.1 to have a minimum of 3.5 L/s outdoor air
per person. Maximum station occupancy should be used in the anal-
ysis.

Pressure Transients. Trains passing through aerodynamic dis-
continuities in a subway cause changes in tunnel static pressure,
which can irritate passengers’ ears and sinuses. Based on nuisance
factor criteria, if the total change in the air pressure is greater than
697 Pa, the rate of static pressure change should be kept below
423 Pa/s. Pressure transients also add to the dynamic load on vari-
ous equipment (e.g., fans, dampers) and appurtenances (e.g., acous-
tical panels). The formula and methodology of pressure transient
calculations are complex; this information is presented in the SEDH
(DOT 1976).

Air Velocity. During fires, emergency ventilation must be pro-
vided in the tunnels to control smoke flow and reduce air tempera-
tures to permit both passenger evacuations and firefighting
operations. The minimum air velocity in the affected tunnel should
be sufficient to prevent smoke from backlayering (flowing in the
upper cross section of the tunnel in the direction opposite the forced
ventilation airflow). The method for ascertaining this critical air
velocity is provided in the section on Design Approach, under Tun-
nels. The maximum tunnel air velocity experienced by evacuating
passengers should not exceed 11 m/s.

Interior Heat Loads. Heat in a subway is generated mostly by the
following sources:

* Train deceleration/braking: Between 40 and 50% of heat
generated in a subway arises from train deceleration/braking.
Many vehicles use non-regenerative braking systems, in which
the kinetic energy of the train is dissipated to the tunnel as heat,
through dynamic and/or frictional brakes, rolling resistance, and
aerodynamic drag. Regenerative systems dissipate less braking
heat.

» Train acceleration: Heat is also generated as a train accelerates.
Many vehicles use cam-controlled variable-resistance elements to
regulate voltage across dc traction motors during acceleration.
Electrical power is dissipated by these resistors (and the third rail)
as heat into the subway. The heat released during train acceleration
also comes from traction motor losses, rolling resistance, and aero-
dynamic drag. Heat from acceleration generally amounts to 10 to
20% of the total heat released in a subway system.

In subway systems with closely spaced stations, more heat is
generated because of the frequent acceleration and deceleration.

* Vehicle air conditioning: Most new transit vehicles are fully
climate controlled. Air-conditioning equipment removes
passenger and lighting heat from the cars and transfers it, along
with condenser fan and compressor heat, into the subway. Vehicle
air-conditioning system capacities generally range from 35 kW
per vehicle for shorter rail cars (about 15 m long), up to about 70
kW for longer rail cars (about 21 m long). Heat from vehicle air
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Table 6 Typical Heat Source Emission Values

Source of Heat Heat Rejection, kW
Train A/C system (per vehicle) 42

Escalator (7.5 kW, 75% load factor) 5.62

Fare collection machine 0.82

Station lighting
People (walking, standing)

0.032 per square metre?
0.073 sensibleb
0.073 latent®

aSee Subway Environmental Design Handbook, Part 3 (DOT 1976).
bSee 2017 ASHRAE Handbook—Fundamentals, Chapter 9.

conditioning and other accessories is generally 25 to 30% of total
heat generated in a subway.

 Other sources: Tunnel heat also comes from people, lighting,
induced outdoor air, miscellaneous equipment (e.g., fare
collecting machines, escalators), and third-rail/catenary systems.
These sources can generate 10 to 30% of the total heat released in
a subway.

In a typical subway heat balance analysis, a control volume is
defined around each station and heat sources are identified and
quantified. The control volume usually includes the station and its
various approach/departure tunnels. Typical values for heat emis-
sion/rejection data are given in Table 6.

Heat Sink. The amount of heat flow from tunnel air to subway
walls varies seasonally, as well as during morning and evening rush-
hour operations. Short periods of abnormally high or low outdoor
temperature may cause a temporary departure from the normal heat
sink effect in unconditioned areas of the subway, changing the
average tunnel air temperature. However, any change from the normal
condition is diminished by the thermal inertia of the subway structure.
During abnormally hot periods, heat flow from the tunnel air to sub-
way walls increases. Similarly, during abnormally cold periods, heat
flow from the subway walls to tunnel air increases.

For subway systems where daily station air temperatures are held
constant by dedicated heating and cooling systems, heat flux from
station walls is negligible. Depending on the amount of station air
flowing into adjoining tunnels, heat flux from tunnel sections may
also be reduced. Other factors affecting the heat sink component are
soil type (dense rock or light, dry soil), extent of migrating ground-
water or the local water table, and surface configuration of tunnel
walls (ribbed or flat).

Measures to Limit Heat Loads. Various measures have been
proposed to limit interior heat loads in subway systems, including
regenerative braking, thyristor motor controls, track profile opti-
mization, underplatform exhaust systems, and cooling dumping.

Electrical regenerative braking converts kinetic energy into
electrical energy for use by other trains. Flywheel energy storage, an
alternative form of regenerative braking, stores part of the braking
energy in high-speed flywheels for use during vehicle acceleration.
These methods can reduce the heat generated in train braking by
approximately 25%.

Cam-controlled propulsion applies a set of resistance elements to
regulate traction motor current during acceleration. Electrical
energy dissipated by these resistors appears as waste heat in a sub-
way. Thyristor motor controls replace the acceleration resistors
with solid-state controls, which reduce acceleration-related heat
losses by about 10% on high-speed subways, and by about 25% on
low-speed subways.

Track profile optimization refers to a tunnel design that is lower
between the stations. Less power is used for acceleration, because
some of the potential energy of a standing train is converted to kinetic
energy as the train accelerates toward the tunnel low point. Con-
versely, some of the kinetic energy of a train at maximum speed is
converted to potential energy during braking, as the train approaches
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the next station. Track profile optimization reduces the maximum
vehicle heat loss from acceleration and braking by about 10%.

An overtrack exhaust (OTE) and/or underplatform exhaust
(UPE) system, described in the section on Mechanical Ventilation,
uses extract grilles at regular intervals to remove heat generated by
vehicle equipment located either at car roof level or under the car
(e.g., resistors, compressors, air-conditioning condensers) from the
station environment. For forced-blown resistor grids and cases
where the airflow pattern is well controlled over the source of the
undercar heat, SEDH (DOT 1976) provides a table (based on field
test results in a given station platform geometry) of various UPE
airflow rates versus UPE system efficiency. Care should be taken
when extending these data to other platform geometries. For prelim-
inary calculations, it may be assumed that (1) the train heat release
(from braking and air conditioning) in the station box is about two-
thirds of the control-volume heat load, and (2) the UPE is about 50%
effective (provided the geometry and airflow pattern conditions are
fulfilled). Sanchez (2003) studied the impact of OTE/UPE for air-
conditioned stations.

In tropical areas, where there are only small daily differences in
the ambient air temperature, tunnel walls do not cool off during the
night; consequently the heat sink effect is negligible. In such cases,
cooling dumping (releasing cooler air from the vehicle or its air-
conditioning system) can be considered to limit heat accumulation
in subway tunnels. However, the effect of cooling dumping on vehi-
cle air-conditioning systems must be considered.

Railroad Tunnels

Railroad tunnels for diesel locomotives require ventilation to
remove residual diesel exhaust, so that each succeeding train is
exposed to a relatively clean air environment. Ventilation is also
required to prevent locomotives from overheating while in the
tunnel. For short tunnels, ventilation generated by the piston effect
of a train, followed by natural ventilation, is usually sufficient to
purge the tunnel of diesel exhaust in a reasonable time period.
Mechanical ventilation for locomotive cooling is usually not
required in short tunnels, because the time that a train is in the tunnel
is typically less than the time it would take for a locomotive to over-
heat. However, under certain conditions, such as for excessively
slow trains or during hot weather, locomotive overheating can still
become a problem. For long tunnels, mechanical ventilation is
required to purge the tunnel of diesel exhaust, and may also be
required for locomotive cooling, depending on the speed of the train
and the number and arrangement of locomotives used.

The diesel locomotive is essentially a fuel-driven, electrically
powered vehicle. The diesel engine drives a generator, which in turn
supplies electrical power to the traction motors. The power of these
engines ranges from about 750 to 4500 kW. Because the overall
efficiency of the locomotive is generally under 30%, most of the
energy generated by the combustion process must be dissipated as
heat to the surrounding environment. Most of this heat is released
above the locomotive through the engine exhaust stack and the radi-
ator discharge (Figure 12).

In a tunnel, this heat is confined to the region surrounding the
train. Most commercial trains are powered by more than one loco-
motive, so the last unit is subjected to heat and exhaust smoke
released by preceding units. If sufficient ventilation is not provided,
the air temperature entering the radiator of the last locomotive will
exceed its allowable limit. Depending on the engine protection
system, this locomotive will then either shut down or drop to a lower
throttle position. In either event, the train will slow down. But, as
discussed in the next section, a train relies on its speed to generate
sufficient ventilation for cooling. As a result of the train slowing
down, a domino effect takes place, which may cause the train to stall
in the tunnel.
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Design Concepts. Most long railroad tunnels (over 8 km) in the
western hemisphere that serve diesel operation use a ventilation
concept using both a tunnel door and a system of fans and dampers,
all located at one end of the tunnel. When a train moves through the
tunnel, ventilation air for locomotive cooling is generated by the
piston effect of the train moving toward (or away from) the closed
portal door. This effect often creates a sufficient flow of air past the
train for self-cooling.

Under certain conditions, when the piston effect cannot provide
required airflow, fans supplement the flow and cool the tunnel.
When the train exits at the portal, the tunnel is purged of residual
smoke and diesel contaminants by running the fans (with the door
closed) to move fresh air from one end of the tunnel to the other.
Because the airflow and pressure required for cooling and purge
modes may be substantially different, multiple fan systems or
variable-volume fans may be required for the two operations. Also,
dampers are provided to relieve the pressure across the door, which
facilitates its operation while the train is in the tunnel.

Application of this basic ventilation concept varies depending on
the length and grade of the tunnel, type and speed of the train, envi-
ronmental and structural site constraints, and train traffic flow. One
design, for a 14.5 km long tunnel (Levy and Danziger 1985),
extended the basic concept by including a mid-tunnel door and a
partitioned shaft, which was connected to the tunnel on both sides of
the mid-tunnel door. The combination of mid-tunnel door and par-
titioned shaft divided the tunnel into two segments, each with its
own ventilation system. Thus, the ventilation requirement of each
segment was satisfied independently. The need for such a system
was dictated by the length of the tunnel, relatively low speed of the
trains, and traffic pattern.

Locomotive Cooling Requirements. A breakdown of the heat
emitted by a locomotive to the surrounding air can be determined
by performing an energy balance. Starting with the fuel consump-
tion rate (as a function of the throttle position), the heat release
rates (as provided by the engine manufacturer) at the engine
exhaust stack and radiator discharge, and the gross power deliv-
ered by the engine shaft (as determined from manufacturer’s data),
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the amount of miscellaneous heat radiated by a locomotive can be
determined as follows:

qu=FH—-q5—qr—Pg O]

where
q,s = miscellaneous heat radiated from locomotive engine, W
F = locomotive fuel consumption, kg/s
H = heating value of fuel, J/kg
qs = heat rejected at engine exhaust stack, W
qr = heat rejected at radiator discharge, W
Pg = gross power at engine shaft, W

Because locomotive auxiliaries are driven off the engine shaft,
with the remaining power used for traction power through the main
engine generator, heat released by the main engine generator can be
determined as follows:

96=Pg— L)1 ~¢g) (10)

where
4G = main generator heat loss, W
L, = power driving locomotive auxiliaries, W
€; = main generator efficiency

Heat loss from the traction motors and gear trains can be deter-
mined as follows:

9rm=Pc—Ly—q6—Prz 1

where

g1y = heat loss from traction motors and gear trains, W
P = locomotive tractive effort power, W

The total locomotive heat release rate ¢ can then be determined:
ar=dstar T dm T Lat a6+ arm (12)

For a train with N locomotives, the average air temperature
approaching the last locomotive is determined from

qT(N— 1)

13
TP (13)

v = lyrt

where
t,y = average tunnel air temperature approaching Nth locomotive, °C
t,r = average tunnel air temperature approaching locomotive consist,
°C

p = density of tunnel air approaching locomotive consist, kg/m3
¢, = specific heat of air, J/(kg-°C)
Oy = tunnel airflow rate relative to train, m3/s

The inlet air temperature to the locomotive radiators is used to
judge the adequacy of the ventilation system. For most locomotives
running at maximum throttle position, the maximum inlet air tem-
perature recommended by manufacturers is about 46°C. Field tests
in operating tunnels (Aisiks and Danziger 1969; Levy and Elpi-
dorou 1991) showed, however, that some units can operate contin-
uously with radiator inlet air temperatures as high as 57°C. The
allowable inlet air temperature for each locomotive type should be
obtained from the manufacturer when contemplating a design.

To determine the airflow rate required to prevent a locomotive
from overheating, the relationship between the average tunnel air
temperature approaching the last unit and the radiator inlet air
temperature must be known or conservatively estimated. This rela-
tionship depends on variables such as the number of locomotives in
the consist, air velocity relative to the train, tunnel cross-sectional
area/configuration, type of tunnel lining, and locomotive orientation
(i.e., facing forward or backward). For trains traveling under 32 km/
h, Levy and Elpidorou (1991) showed that a reasonable estimate is
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to assume the radiator inlet air temperature to be about 6 K higher
than the average air temperature approaching the unit. For trains
moving at 50 km/h or more, a reasonable estimate is to assume that
the radiator inlet air temperature equals the average air temperature
approaching the unit. When the last unit of the train consist faces
forward, thereby putting the exhaust stack ahead of its own radia-
tors, the stack heat release rate must be included when evaluating
the radiator inlet air temperature.

Tunnel Aerodynamics. When designing a ventilation system for a
railroad tunnel, airflow and pressure distribution throughout the
tunnel (as a function of train type, train speed, and ventilation
system operating mode) must be determined. This information is
required to determine (1) whether sufficient ventilation is provided
for locomotive cooling, (2) the pressure that the fans are required to
deliver, and (3) the pressure that the structural and ventilation ele-
ments of the tunnel must be designed to withstand.

The following equation, from DOT (1997a), relates the piston
effect of the train, steady-state airflow from fans to the tunnel, and
pressure across the tunnel door. This expression assumes that air
leakage across the tunnel door is negligible. Figure 13 shows the
dimensional variables on a schematic of a typical tunnel.

Ap B (PA —pB) Hg

Y Y 8c
2 2
. [(AV+AVATCDVB) +AVCDVFJ A7V +0y)
2 2
(Ap—Ay) Ar 2478

(14)

LAy Y+ 0)° MLyPyAgV 0y
8(A;—4,) 2. 8(A;—4,) g
+fT(LT*LV)PTQ§ KQ?
84, °gc 24, °gc

where

Ap = static pressure across tunnel door, Pa
p = density of air, kg/m3

p4 = barometric pressure at portal A, Pa

pp = barometric pressure at portal B, Pa
H = difference in elevation between portals, m
g = acceleration of gravity = 9.81 m/s2

gc = gravitational constant = 1.0 (m-kg)/N-s?

Ay = train cross-sectional area, m?

Ag = tunnel cross-sectional area, m?

PORTAL DOOR

1 L |

[
Pr=TUNNEL PERIMETER
A7 =TUNNEL AREA

Ay = TRAIN AREA
P, =TRAIN PERIMETER o

Fig. 13 Railroad Tunnel Aerodynamic Related Variables
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Cpyp = drag coefficient at back end of train
Cpyr = drag coefficient at front end of train
V = velocity of train, m/s
Qg = airflow delivered by fan, m%/s
7 = tunnel wall friction factor
Ly = tunnel length, m
Ly = train length, m
Py = tunnel perimeter, m
Py, = train perimeter, m
Ay = train skin friction factor
K = miscellaneous tunnel loss coefficient

The pressure across the tunnel door generated only by train pis-
ton action is evaluated by setting O equal to zero. The airflow rate,
relative to the train, required to evaluate locomotive cooling require-
ments is

Qr‘eleTV+QS (15)

where Q,,, is the airflow rate relative to the train, m3/s.

Typical values for Cpp and Cpy are about 0.5 and 0.8, respec-
tively. Because trains passing through a railroad tunnel are often
more than 1.6 km long, the parameter that most affects the generated
air pressure is the train skin friction coefficient. For dedicated coal
or grain trains, which essentially use uniform cars throughout, a
value of 0.09 for the skin friction coefficient results in air pressure
predictions that conform closely to those observed in various rail-
road tunnels. For trains with non-uniform car distribution, the skin
friction coefficient may be as high as 1.5 times that for a uniform car
distribution.

The wall surface friction factor corresponds to the coefficient
used in the Darcy-Weisbach equation for friction losses in pipe flow.
Typical effective values for tunnels constructed with a formed con-
crete lining and having a ballasted track range from 0.015 to 0.017.

Tunnel Purge. The leading end of a locomotive must be exposed
to an environment that is relatively free of smoke and diesel contam-
inants emitted by preceding trains. Railroad tunnels are usually
purged by displacing contaminated tunnel air with fresh air by
mechanical means after a train has left the tunnel. With the tunnel
door closed, air is either supplied to or exhausted from the tunnel,
moving fresh air from one end of the tunnel to the other. Observa-
tions at the downstream end of tunnels have found that an effective
purge time is usually based on displacing 1.25 times the tunnel vol-
ume with outdoor air.

The time required for purging is primarily determined by opera-
tions schedule needs. A long purging time limits traffic; a short
purging time may necessitate very high ventilation airflow rates and
result in high electrical energy demand and consumption. Conse-
quently, multiple factors must be considered, including the overall
ventilation concept, when establishing the purge rate.

2. PARKING GARAGES

Automobile parking garages (car parks) can be either fully
enclosed or partially open. Fully enclosed parking areas are often
underground and require mechanical ventilation. Partially open
parking garages are generally above-grade structural decks having
open sides (except for barricades), with a complete deck above. Nat-
ural ventilation, mechanical ventilation, or a combination can be
used for partially open garages.

Parking garages provide a unique set of challenges because there
is a continuous influx of potentially harmful contaminants on a reg-
ular basis. In addition, smoke from any fire must be controlled prop-
erly to ensure the safety of occupants. The ventilation system should
(1) remove toxic gases during nonemergency operation (CO and
NO,) and (2) control smoke and hot gases in the event of a fire.

Nonemergency operation of automobiles in parking garages pres-
ents two concerns. The more serious is emission of CO, with its
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known risks. The other concern is oil and gasoline fumes, which may
cause nausea and headaches and also represent potential fire haz-
ards. Additional concerns about NO, and smoke haze from diesel
engines may also require consideration. However, the ventilation
rate required to dilute CO to acceptable levels is usually satisfactory
to control the level of other contaminants as well, provided the per-
centage of diesel vehicles does not exceed 20%.

For many years, the various model codes, ASHRAE Standard
62.1, and its predecessor standards recommended a flat exhaust rate
of either 0.0038 m3/(s-m?2) or 6 ach for enclosed parking garages. But
because vehicle emissions have been reduced over the years,
ASHRAE sponsored a study to determine ventilation rates required to
control contaminant levels in enclosed parking facilities (Krarti and
Ayari 1998). The study found that, in some cases, much less ventila-
tion than 0.0075 m3/(s-m?) was satisfactory. The study’s
methodology for determining whether a reduced ventilation rate
would be effective is included below. However, the current ASHRAE
Standard 62.1 and the International Code Council’s International
Mechanical Code® (ICC 2009a) allow 0.0038 m3/(s-m?2) ventilation,
whereas NFPA Standard 88 A recommends a minimum of 0.005 m3/
(s-m?2), so the engineer must understand the specific codes and stan-
dards that apply. The engineer may be required to request a variation,
or waiver, from authorities having jurisdiction before implementing a
lesser ventilation system design.

If larger fans are installed to meet code requirements, they will
not necessarily increase overall power consumption; with proper
CO level monitoring and ventilation system control, fans will run
for shorter time periods to maintain acceptable CO levels. With
increased attention on reducing energy consumption, CO-based
ventilation system control can provide substantial cost savings in
the operation of parking garages.

Ventilation Requirements and Design

ASHRAE research project RP-945 (Krarti and Ayari 1998)
found that the design ventilation rate required for an enclosed
parking facility depends chiefly on four factors:

» Acceptable level of contaminants in the parking facility

» Number of cars in operation during peak conditions

* Length of travel and the operating time for cars in the garage
» Emission rate of a typical car under various conditions

Contaminant Level Criteria. ACGIH (1998) recommends a
threshold CO limit of 29 mg/m?3 (25 ppm) for an 8 h exposure, and
the U.S. EPA (2000) determined that exposure, at or near sea level,
to a CO concentration of 40 mg/m?3 (35 ppm) for up to 1 h is accept-
able. For parking garages more than 1000 m above sea level, more
stringent limits are required.

In Europe, an average concentration of 40 mg/m? (35 ppm) and
a maximum level of 230 mg/m3 (200 ppm) are usually maintained
in parking garages.

Various agencies and countries differ on the acceptable level of
CO in parking garages, but a reasonable solution is a ventilation rate
designed to maintain a CO level of 40 mg/m3 (35 ppm) for 1 h expo-
sure, with a maximum of 29 mg/m?3 (25 ppm) for an 8 h exposure.
Because the time associated with driving in and parking, or driving
out of a garage, is on the order of minutes, 40 mg/m3 (35 ppm) is
probably an acceptable level of exposure. However, Figure 14 pro-
vides nomographs for 15 and 25 ppm maximum exposures as well,
to allow the designer to conform to more stringent regulations.

Number of Cars in Operation. The number of cars operating at
any one time depends on the type of facility served by the parking
garage. For distributed, continuous use, such as an apartment build-
ing or shopping area, the variation is generally 3 to 5% of the total
vehicle capacity. The operating capacity could reach 15 to 20% in
other facilities, such as sports stadiums or short-haul airports.

MINIMUM VENTILATION RATE PER UNIT AREA, L/(s-m?) MINIMUM VENTILATION RATE PER UNIT AREA, L/(s-m?)
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Table 7 Average Entrance and Exit Times for Vehicles

Level Average Entrance Time, s Average Exit Time, s
1 35 45
3* 40 50
5 70 100

Source: Stankunas et al. (1980). *Average pass-through time =30 s.

Table 8 Predicted CO Emissions in Parking Garages

Hot Emission (Stabilized), Cold Emission,

g/min g/min
Season 1991 1996 1991 1996
Summer, 32°C 2.54 1.89 4.27 3.66
Winter, 0°C 3.61 3.38 20.74 18.96

Results from EPA MOBILE3, version NYC-2.2 (1984); sea level location.
Note: Assumed vehicle speed is 8 km/h.

Length of Time of Operation. The length of time that a car
remains in operation in a parking garage is a function of the size and
layout of the garage, and the number of cars attempting to enter or
exit at a given time. The operating time could vary from as much as
60 to 600 s, but on average usually ranges from 60 to 180 s. Table 7
lists approximate data for average vehicle entrance and exit times;
these data should be adjusted to suit the specific physical configu-
ration of the facility.

Car Emission Rate. Operating a car in a parking garage differs
considerably from normal vehicle operation, including that in a road
tunnel. Most car movements in and around a parking garage occur
in low gear. A car entering a garage travels slowly, but the engine is
usually hot. As a car exits from a garage, the engine is usually cold
and operating in low gear, with a rich fuel mixture. Emissions for a
cold start are considerably higher, so the distinction between hot and
cold emission plays a critical role in determining the ventilation
rate. Motor vehicle emission factors for hot- and cold-start opera-
tion are presented in Table 8. An accurate analysis requires correla-
tion of CO readings with the survey data on car movements (Hama
et al. 1974); the data should be adjusted to suit the specific physical
configuration of the facility and the design year.

Step 1. Collect the following data:

* Number of cars N in operation during peak hour use

» Average CO emission rate E for a typical car, g/h

» Average length of operation and travel time 0 for a typical car, s
*» Acceptable CO concentration CO,,,,, in the garage, ppm

* Total floor area of parking facility 4, m?

Step 2. Evaluate CO generation rate:

(1) Determine the peak CO generation rate per unit floor area G,

in g/(h-m2), for the parking garage:
G =NE/A; (16)
(2) Normalize the peak CO generation rate using the reference

value Gy=26.7 g/(h-m?) and Equation (17). This reference value is
based on an actual enclosed parking facility (Krarti and Ayari 1998):

f=100G/G, (17)

Step 3. Determine the minimum required ventilation rate Q per
unit floor area using Figure 14, or the correlation presented by
Equation (18), depending on CO,,,,.:
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0=Cf9 (18)

where
C = 1.204 x 10-% (m%/s)/(m?-s) for CO,,,,, = 15 ppm

= 0.692 x 100 (m3/s)/(m?-s) for CO,,,, = 25 ppm
= 0.481 x 10-% (m%/s)/(m?-s) for CO,,,,, = 35 ppm

Example 1. Consider a two-level enclosed parking garage with a total
capacity of 450 cars, a total floor area of 8360 m2, and an average
height of 2.75 m. The total length of time for a typical car operation is
2 min (120 s). Determine the required ventilation rate for the enclosed
parking garage in m3/(s-m?) and in air changes per hour so that the CO
level never exceeds 25 ppm. Assume that the number of cars in opera-
tion during peak use is 40% of the total vehicle capacity.

Solution:

Step 1. Garage data:
N = 450 x 0.4 =180 cars

E = 11.67 g/min = 700 g/h, the average of all values of emis-
sion rate for a winter day, from Table 8
CO,,0x = 25 ppm
0 =120s

Step 2. Calculate the normalized CO generation rate:
G = (180 x 700 g/h)/8360 m? = 15.1 g/(h-m?)
f =100 x (15.1 g/h-m?2)/26.7 g/(h-m2) = 56.6
Step 3. Determine the ventilation requirement, using Figure 14 or the
correlation of Equation (18) for CO,,,,, =25 ppm.
0 = 0.692 x 1076 (m3/s)/(m?-s) x 56.6 x 120 s = 0.0047 m3/(s-m?)
Or, for air changes per hour,
(0.0047 (m3/s)/m? x 3600 s/h)/2.74 m = 6.2
Notes:

1. If the average vehicle CO emission rate is reduced to £ = 6.60 g/min,
because of, for instance, better emission standards or better maintained
cars, the required minimum ventilation rate decreases to 0.0027 m3/
(s-m?) or 3.5 ach.

2. Once calculations are made and a decision reached to use CO
demand ventilation control, increasing airflow through a safety margin
does not increase operating costs; larger fans work for shorter periods
to sweep the garage and maintain satisfactory conditions.

CO Demand Ventilation Control. A parking garage ventilation
system should meet applicable codes and maintain acceptable con-
taminant levels. If permitted by local codes, the ventilation airflow
rate should be varied according to CO levels to conserve energy.
For example, the ventilation system could consist of multiple fans,
with single- or two-speed motors, or variable-pitch blades. In mul-
tilevel parking garages or single-level structures of extensive area,
independent fan systems with individual controls are preferred.
The International Mechanical Code® (ICC 2009a) allows ventila-
tion system operation to be reduced from 0.0038 to 0.00025 m3/
(s-m?) with the use of a CO monitoring system that restores full
ventilation when CO levels of 29 mg/m? (25 ppm) are detected.

Figure 15 shows the maximum CO level in a tested parking
garage (Krarti and Ayari1998) for three car movement profiles and
the following ventilation control strategies:

 Constant-volume (CV), where the ventilation system is kept on
during the entire occupancy period

* On/off control, with fans stopped and started based on input from
CO sensors

* Variable-air-volume (VAV) control, using either two-speed fans
or axial fans with variable-pitch blades, based on input from CO
sensors

Figure 15 also shows typical fan energy savings achieved by on/
off and VAV systems relative to constant-volume systems. Signifi-
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cant fan energy savings can be obtained using a CO-based demand
ventilation control strategy to operate the ventilation system, main-
taining CO levels below 29 mg/m3 (25 ppm). Wear and tear and
maintenance on mechanical and electrical equipment are reduced
with a CO-based demand strategy.

Figure 16 is based on maintaining a 29 mg/m? (25 ppm) CO
level. With most systems, actual energy usage is further reduced if
40 mg/m?3 (35 ppm) is maintained. The actual ppm level should fol-
low local codes and standards.

In cold climates, the additional cost of heating makeup air is also
reduced with a CO-based demand strategy. Energy stored in the
mass of the structure usually helps maintain the parking garage air
temperature at an acceptable level. If only outdoor air openings are
used to draw in ventilation air, or if infiltration is allowed, the stored
energy is lost to the incoming cold air.

Types of Ventilation Systems for Enclosed
Parking Garages

Natural ventilation is not an option for enclosed vehicular facil-
ities, but there are two mechanical options available: ducted and
ductless. Both options can be effective at controlling contaminants
and smoke. However, one method may be more desirable than the
other when considering the needs of a particular space.

Ducted Systems. Enclosed vehicular facilities require
mechanical ventilation. In the United States, this is traditionally
done with ducts across the parking structure. Figure 17 shows a typ-
ical design. Intakes are both high and low and distributed across the
parking structure.
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Fig. 17 Section View of Typical Ducted System

Design Considerations/Issues. Typical design considerations for
ducted systems include the following:

* Appropriate duct sizing to ensure proper supply and exhaust

throughout the space

Clearance height requirements to allow traffic flow underneath

duct

« Distribution strategy through parking garage to keep cost at a
minimum

Areas of higher contaminant injection that may require a nonuni-
form exhaust

Ductless Systems. Like some tunnel ventilation systems
designs, ductless designs use jet fans to dilute and remove contam-
inants and control smoke. Ductless ventilation systems are consid-
ered acceptable to many global AHJs and continue to grow in
popularity. However, the corresponding design methodologies and
requirements vary substantially across the globe.

Tunnel ventilation projects have used jet fans for many years to
induce flow and move pollutants and smoke through the tunnel.
Research projects like the Memorial Tunnel Fire Ventilation Test
program (1995) proved that jet fans have the capability to induce air
movement to create a tenable environment for occupant egress. In the
late 1990s, jet fan systems for enclosed parking garages began to
spread across Europe and continue to grow in the Middle East, Asia,
and America. In the United States, example projects include the
Children’s Hospital of Philadelphia and the Ikea Merriam in Kansas.

There are several basic components required in a ductless sys-
tem: (1) a supply and exhaust fan system, which is required to pro-
vide the primary air changes for the space; (2) jet fans used to mix
the air and eliminate any dead spots in the system (but do not im-
pact the air changes per hour); and (3) control panels combined
with contaminant sensors to save energy by controlling the contam-
inant levels only as needed (demand based). High-temperature ca-
bling is also required in most regions, which can be a significantly
high portion of total system cost.

Finally, a computational fluid dynamic analysis (CFD) is re-
quired in many regions to validate the placement of the fans. This
is the case in the United Kingdom and India, as referenced in BS
Standard 7346 and National Building Code of India (NBC; BIS
2015), respectively. The project is then completed with installation,
commissioning, and, in some regions, a cold or hot smoke test used
as another visual indication of the system performance.

Design Considerations/Issues. There are several design consid-
erations when designing ductless systems:

* When conducting the CFD analysis, it is important to identify
appropriate contaminant levels, and ensure that simulations accu-
rately represent the space. This requires a three-dimensional
model of the area. Parameters should be evaluated carefully when
comparing different simulations.

 Height clearance requirements must be evaluated to ensure traffic
can safely pass beneath the equipment.
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* If designing a demand-based system, the designer must consider
where the sensors are placed, along with which sensors corre-
spond to which jet fans.

* When designing for smoke control, the designer must consider
how fan placement directs smoke away from pedestrian exits.

 Cabling cost can make up a significant cost of the system. Jet fan
placement and corresponding control panels can have a signifi-
cant impact on cabling cost.

Ductless Design Methodology

Smoke Control. The role of parking garage ventilation systems
during a fire event varies around the world. Specifically, some re-
quirements dictate that the ventilation system to be turned off,
whereas others require the ventilation system to continuously op-
erate to control the spread and purge smoke. Where mechanical
ventilation is used for smoke control, it is important to distinguish
between emergency ventilation mode (when the fire is active), and
smoke purge mode (when the fire is extinguished). Local codes and
standards provide the proper design requirements.

For example, the U.K. standard BS7346-7:2013 cites two poten-
tial purposes for smoke ventilation design for a ductless system. The
simplest goal is to assist firefighters clearing smoke during and after
the fire. This method does not necessarily control the smoke in any
particular manner and operates the same regardless of the fire loca-
tion. A ducted system is typically designed this way to purge smoke
by operating in exhaust. It is conceivable to create a ducted system
with control dampers that target the smoke-filled areas. However,
the cost of the system would increase due to the additional controls
and dampers.

The other potential goal is to create a smoke-free access point for
firefighters and to maintain a tenable path of egress. The fire depart-
ment needs to enter the building to set up their equipment and extin-
guish the fire. Similarly, the means of egress for building occupants
should be tenable to ensure that there is at least one exit available
independent of the fire location.

An optimal smoke-control system accomplishes both of these
goals. The ductless design, along with a grid-based fire detection
system, allows the designer to create smoke control zones and only
operate the necessary jet fans.

Smoke Control Zones. The purpose of a smoke control zone is to
limit the spread of smoke from one area to another. Requirements
for the sizing of these areas vary greatly, depending on the AHJ and
on what other fire suppression systems are installed. For example,
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India requires a smoke zone to be 3000 m2, per NBC 2015. The
United Kingdom requires 2000 m? per zone.

For the smoke control zone to work properly, it must have sepa-
rate supply and exhaust locations in each zone, and the jet fans must
be placed so that smoke does not cross between zones in the event
of a fire. Also, the control panels are separated so if one panel is
damaged from the fire, the other areas in the system still operate.
Requirements for smoke zone control add redundancy and safety to
the system, but can significantly drive up initial cost for ductless
systems. In contrast, ducted systems already clear smoke locally
due to the fully distributed duct network, so they typically do not
require any additional equipment to satisfy a smoke control zone
requirement.

Supply and Exhaust Placement

Once the contaminant levels and purpose of smoke control are
designed, the next step is to determine how many supply and ex-
haust shafts are required, and where they are placed. This is a crit-
ical design step that can significantly impact the number of jet fans
required and the overall ventilation performance.

Figure 18 shows two common design examples. Both designs
have louvers and dampers on each level. However, the design on the
left has a single, larger exhaust fan placed at the top of the shaft,
whereas the other has smaller fans placed at each level. When there
is a fire, dampers on the nonfire floor typically close to prevent
smoke from entering. The method on the left is preferred, because in
the case of a fire on the second floor as indicated, the dampers will
close. If there is a damper failure on Basement 1, then the smoke
will still be pulled up by the fan. In the design on the right, the
smoke may push back into Basement 1 if there is a damper failure.

Additionally, some regions require that the exhaust shafts are
dedicated to each floor, as shown in Figure 19, to eliminate the pos-
sibility of smoke entering nonfire floors. This is the safest approach
but adds initial cost to the building by requiring a larger footprint for
the exhaust shafts.

Often, designers attempt to save cost by using the ramps as fresh
air supply with no additional mechanical supply. This may work if
there are only one or two levels maximum. However, this usually
requires significantly more jet fans due to the contaminated air from
the other levels. Thus, it typically involves both lower initial and
operating cost to have forced air supply on all levels of the parking
garage, because fewer total fans are usually initially installed and
fewer fans operate. The ramps are a source for fresh air and should
be considered, and placing an additional mechanical supply helps.
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Jet Fan Design and Placement

Two primary types of jet fans are used in parking garage design:
(1) axial (impulse), the most common, and (2) centrifugal (induc-
tion). The number of jet fans can be greatly reduced with a proper
supply and exhaust design. Initial jet fan quantity is typically de-
termined by rule of thumb, which may vary depending on the de-
signer. For example, a common axial jet fan is 315 mm and
generates about 25 N thrust. A typical rule of thumb states that a jet
fan with 1 N of thrust can cover an area of 10 to 15 m2. Therefore,
a 25 N fan could cover 2250 to 375 m2. The range depends on the
layout of the space and the locations of the supply and exhaust. If
the supply and exhaust are opposite each other, creating a longitu-
dinal flow across the floor, then the fans could cover an even greater
area. However, if the placement creates a lot of dead spots and short
circuiting of air, more jet fans could be required.

The initial jet fan placement is done in a way conducive to
moving fresh air into areas that would not otherwise be reached. To
minimize the number of jet fans, this placement is typically not uni-
form across the parking structure. The goal is to mix the air and
guide fresh air from the supply to the exhaust. Throw diagrams can
help determine the distance between fans. A throw diagram shows
the velocity of the air as it exits a jet fan. Generally, it is desirable to
keep the air moving at 0.2 to 0.5 m/s.

CFD Analysis

Once the initial placement is complete, a CFD analysis is recom-
mended. The CFD analysis can assist with the following:

* Optimizing the number and placement of fans

 Simulating the space in normal and fire-mode operation

 Determining the visibility, smoke, contaminate levels, and tem-
perature throughout the garage

When performing a CFD analysis, some important input param-
eters to consider are design fires size, method of pollutant injection,
boundary conditions, meshing strategy, and physics models. Ensure
that these parameters are the same when comparing different CFD
models, as they may give conflicting results.

Control Sequencing

Once the design is finalized, the control sequencing is relatively
straightforward. The following sequence is an example for a normal
ventilation, demand-based sequence. This example measures CO,
but for other contaminants the appropriate levels should be chosen.
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* 0 ppm: only supply and exhaust fans on (if required to maintain
minimal ACH)

* CO > 15 ppm: supply and exhaust fans on

* 15 <CO <35 ppm: select jet fans on

* CO > 35 ppm: all jet fans on

* CO > 100 ppm: all fans on high speed

An example sequence in the case of a fire is as follows:

—

. Heat or smoke sensor triggers.

2. Waiting period to confirm fire or timeout (in case of sensor fail-
ure).

. Fire alarm goes off.

4. Turn on supply/exhaust fans on fire floor to maintain negative
pressure. Close exhaust dampers on nonfire floors. If local codes
allow ventilation system operation during a fire event.

. Wait an evacuation delay period.

. Turn on all jet fans at full speed.

. Run system until the fire department turns it off.

(58]
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The jet fans are not turned on immediately because the smoke
has not had sufficient time to accumulate and cause harm to occu-
pants. Turning the fans on immediately may unnecessarily spread
the smoke. For example, BS Standard 7346-7 recommends a wait-
ing period, with the length based on building type, size, and number
and type of occupants. Also note that the above operation may
require a control panel for the fire department, to allow for individ-
ual fan control.

High-Temperature Product Requirements

In some areas, ductless parking garage ventilation designs are
intended to be both a normal-mode and smoke-control system to
optimize cost. Therefore, the equipment must be selected to operate
during a fire. High-temperature fans and cabling, or some other fire
protection method such as concrete encasement, are required. As
with other requirements, the temperature requirement varies across
the globe. The United States typically designs for 250°C for four
hours. India varies regionally from 250°C to 300°C for two hours.
United Arab Emirates and other Middle Eastern countries are tran-
sitioning to even higher temperatures, requiring 400°C for two
hours. High-temperature cabling must similarly be selected to
ensure the equipment will run in the case of fire.

Other Considerations

Access tunnels or long, fully enclosed ramps should be designed
in the same way as road tunnels. When natural ventilation is used,
wall openings or free area should be as large as possible. Part of the
free area should be at floor level.

For parking levels with large interior floor areas, a central emer-
gency smoke exhaust system should be considered for removing
smoke (in conjunction with other fire emergency systems) or
vehicle fumes under normal conditions.

Noise. In general, parking garage ventilation systems move large
quantities of air through large openings without extensive ductwork.
These conditions, and the highly reverberant nature of the space,
contribute to high noise levels, so sound attenuation should be con-
sidered in the ventilation system design. This is a pedestrian safety
concern, as well, because high fan noise levels in a parking garage
may mask the sound of an approaching vehicle.

Ambient Standards and Contaminant Control. Air exhausted
from a parking garage should meet state and local air pollution con-
trol requirements.

3. AUTOMOTIVE REPAIR FACILITIES

Automotive repair activities are defined as any repair, modifica-
tion, service, or restoration activity to a motor vehicle. This in-
cludes, but is not limited to, brake work, engine work, machining
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operations, and general degreasing of engines, motor vehicles,
parts, or tools.

ASHRAE Standard 62.1 recommends a ventilation rate
of 0.0075 m3/(s-m?) for automotive service stations; the Interna-
tional Mechanical Code® (ICC 2009a) allows 0.00375 m3/(s-m?).
The designer must determine which code is applicable. The high
ventilation rate indicates that contaminants are not related to the
occupants, but are produced by the variety of tasks and materials
used in the facility. Outdoor ventilation is introduced into the
space, and an approximately equal quantity is exhausted through a
dedicated exhaust system.

As repairs or maintenance are performed on vehicles, it may be
necessary to operate the vehicle inside the facility to test and vali-
date the work. Additional mechanical ventilation is required to
exhaust combustion by-products directly outdoors. An independent
source capture system that connects directly to the exhaust pipe of
the vehicle must be installed in the facility. These systems are avail-
able in either an above- or belowground configuration. Flow rates
for individual service bays vary from 0.024 to 0.190 m3/s for auto-
mobiles. A large diesel truck will require considerably more airflow
per service bay than an automobile.

The above-grade system consists of an exhaust fan, associated
ductwork, and flexible hoses that attach to the tailpipe of the vehicle
in operation. Generally, the system is installed at a high elevation to
maintain maximum clearances above floor level. The hose connec-
tions are stored in reels positioned near each service bay. The ser-
vice technician pulls the hose down and attaches it to the tailpipe by
a proprietary connection.

The below-grade system is similar in design to an overhead
exhaust system. Care must be taken to select an appropriate
corrosion-resistant material to be installed underground, because the
condensing products of combustion are corrosive to traditional duct
materials. The flexible tailpipe exhaust connectors are stored inside
the underground duct. After sliding the flex back inside the duct, a
hinged cover plate covers the opening flush to the floor.

Although there is a diversity factor in the system capacity calcu-
lations, both systems must be designed to operate at 100% capacity.
A constant-volume fan is used, with all air being exhausted from the
space. With a single outlet in use, some means of relief is provided
to maintain constant flow through the fan. This equipment can be set
up to run continuously or intermittently. Intermittent use requires
the general exhaust system to vary between the maximum supply air
delivered to the space when the capture system is in use and a lower
exhaust flow rate reduced by the amount of air exhausted through
the capture system.

4. BUS GARAGES

Bus garages generally include a maintenance and repair area,
service lane (where buses are fueled and cleaned), storage area
(where buses are parked), and support areas such as offices, stock
room, lunch room, and locker rooms. The location and layout of
these spaces can depend on factors such as local climate, size of the
bus fleet, and type of fuel used by the buses. Bus servicing and stor-
age areas may be located outside in a temperate region, but are often
inside in colder climates. However, large bus fleets cannot always be
stored indoors; for smaller fleets, maintenance areas may double as
storage space. Local building and/or fire codes may also prohibit
dispensing certain types of fuel indoors.

In general, bus maintenance or service areas should be ventilated
using 100% outdoor air with no recirculation. Therefore, using heat
recovery devices should be considered in colder climates.

Tailpipe emissions should be exhausted directly from buses at
fixed inspection and repair stations in maintenance areas. Offices
and similar support areas should be kept under positive pressure to
prevent infiltration of bus emissions.
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Maintenance and Repair Areas

ASHRAE Standard 62.1 recommends a minimum ventilation of
0.0075 m3/(s-m?) and the International Mechanical Code® (ICC
2009a) recommends 0.00375 m3/(s-m?) of floor area in vehicle
repair garages, with no recirculation. The designer should deter-
mine which code is applicable. However, because the interior ceil-
ing height may vary greatly from garage to garage, the designer
should consider making a volumetric analysis of contaminant gen-
eration and air exchange rates. The section on Bus Terminals con-
tains information on diesel engine emissions and ventilation
airflow rates needed to control contaminant concentrations in areas
where buses are operated.

Maintenance and repair areas often include below-grade inspec-
tion and repair pits for working underneath buses. Because vapors
produced by conventional bus fuels are heavier than air, they tend to
settle in these pit areas, so a separate exhaust system should be pro-
vided to prevent their accumulation. NFPA Standard 30A recom-
mends a minimum of 0.005 m3/(s'm?) in pit areas and the
installation of exhaust registers near the floor of the pit.

Fixed repair stations, such as inspection/repair pits or hydraulic
lift areas, should include a direct exhaust system for tailpipe emis-
sions. Such direct exhaust systems have a flexible hose and coupling
attached to the bus tailpipe; emissions are discharged to the out-
doors by an exhaust fan. The system may be of the overhead reel,
overhead tube, or underfloor duct type, depending on the tailpipe
location. For heavy diesel engines, a minimum exhaust rate of
0.28 m3/s per station is recommended to capture emissions without
creating excessive backpressure in the vehicle. Fans, ductwork, and
hoses should be able to receive vehicle exhaust at temperatures
exceeding 260°C without degradation.

Bus garages often include areas for battery charging, which can
produce potentially explosive concentrations of corrosive, toxic
gases. There are no published code requirements for ventilating
battery-charging areas, but DuCharme (1991) suggested using a
combination of floor and ceiling exhaust registers to remove gas-
eous by-products. The recommended exhaust rates are 0.0114 m3/
(sm?) of room area at floor level to remove acid vapors and
0.0038 m3/ (s-m?2) of room area at ceiling level to remove hydrogen
gases. The associated supply air volume should be 10 to 20% less
than exhaust air volume, but designed to provide a minimum termi-
nal velocity of 0.5 m/s at floor level. If the battery-charging space is
located in the general maintenance area rather than in a dedicated
space, an exhaust hood should be provided to capture gaseous by-
products. Chapter 33 contains specific information on exhaust hood
design. Makeup air should be provided to replace that removed by
the exhaust hood.

Garages may also contain spray booths, or rooms for painting
buses. Most model codes reference NFPA Standard 33 for spray
booth requirements; this standard should be reviewed when
designing heating and ventilating systems for such areas.

Servicing Areas

For indoor service lanes, ASHRAE Standard 62.1 recommends
a minimum ventilation of 0.0075 m3/(s-m?) and the International
Mechanical Code® (ICC 2009a) recommends 0.00375 m3/(s-m?2)
of floor area in vehicle repair garages, with no recirculation. The
designer should determine which code is applicable. However,
because the interior ceiling height may vary greatly from garage to
garage, the designer should consider making a volumetric analysis
of contaminant generation and air exchange rates. The section on
Bus Terminals contains information on diesel engine emissions and
ventilation airflow rates needed to control contaminant concentra-
tions in areas where buses are operated.

Because of the increased potential for concentrations of flamma-
ble or combustible vapor, HVAC systems for bus service lanes
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should not be interconnected with systems serving other parts of the
bus garage. Service-lane HVAC systems should be interlocked with
fuel-dispensing equipment, to prevent operation of the latter if the
former is shut off or fails. Exhaust inlets should be located both at
ceiling level and 75 to 300 mm above the finished floor, with supply
and exhaust diffusers/registers arranged to provide air movement
across all planes of the dispensing area. A typical equipment
arrangement is shown in Figure 20.

Another feature in some service lanes is the cyclone cleaning
system: these devices have a dynamic connection to the front
door(s) of the bus, through which a large-volume fan vacuums dirt
and debris from inside the bus. A large cyclone assembly then re-
moves dirt and debris from the airstream and deposits it into a large
hopper for disposal. Because of the large volume of air involved,
the designer should consider the discharge and makeup air systems
required to complete the cycle. Recirculation and energy recovery
should be considered, especially during winter. To aid in contami-
nant and heat removal during summer, some systems discharge the
cyclone air to the outdoors and provide untempered makeup air
through relief hoods above the service lane.

Storage Areas

Where buses are stored inside, the minimum ventilation standard
is based upon the applicable code: 0.00375 m3/(s-m?) for the Inter-
national Mechanical Code®, or 0.0075 m3/(s-m?) for ASHRAE
Standard 62.1, subject to volumetric considerations. The designer
should also consider the increased contaminant levels present
during peak traffic periods.

One example is morning pullout, when the majority of the fleet
is dispatched for rush-hour commute. It is common practice to start
and idle a large number of buses during this period to warm up the
engines and check for defects. As a result, the emissions concentra-
tion in the storage area rises, and additional ventilation may be
required to maintain contaminant levels in acceptable limits. Using
supplemental purge fans is a common solution to this problem.
These purge fans can either be (1) interlocked with a timing device
to operate during peak traffic periods, (2) started manually on an as-
needed basis, or (3) connected to an air quality monitoring system
that activates them when contaminant levels exceed some preset
limit.
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Fig. 20 Typical Equipment Arrangement for Bus Garage

16.25

Design Considerations and Equipment Selection

Most model codes require that open-flame heating equipment,
such as unit heaters, be located at least 2.4 m above the finished
floor or, where located in active trafficways, 0.6 m above the tallest
vehicle. Fuel-burning equipment outside the garage area, such as
boilers in a mechanical room, should be installed with the combus-
tion chamber at least 460 mm above the floor. Combustion air
should be drawn from outside the building. Exhaust fans should be
nonsparking, with their motors located outside the airstream.

Infrared heating systems and air curtains are often considered for
bus repair garages because of the size of the facility and amount of
infiltration through the large doors needed to move buses in and out
of the garage. However, infrared heating must be used cautiously in
areas where buses are parked or stored for extended periods,
because the buses may absorb most of the heat, which is then lost
when the buses leave the garage. This is especially true during
morning pullout. Infrared heating can be applied with more success
in the service lane or at fixed repair positions. Air curtains should be
considered for high-traffic doorways to limit both heat loss and
infiltration of cold air.

Where air quality monitoring systems control ventilation equip-
ment, maintainability is a key factor in determining success of the
application. The high concentration of particulate matter in bus
emissions can adversely affect monitoring equipment, which often
has filtering media at sampling ports to protect sensors and instru-
mentation. The location of sampling ports, effects of emissions
fouling, and calibration requirements should be considered when
selecting monitoring equipment to control ventilation systems and
air quality of a bus garage. NO, and CO exposure limits published
by OSHA and the EPA should be consulted to determine contami-
nant levels at which exhaust fans should be activated.

Effects of Alternative Fuel Use

Because of legislation limiting contaminant concentrations in
diesel bus engine emissions, the transportation industry has begun
using buses that operate on alternative fuels, including methanol,
ethanol, hydrogen (and fuel cells), compressed natural gas (CNG),
liquefied natural gas (LNG), and liquefied petroleum gas (LPG).
Flammability, emission, and vapor dispersion characteristics of
these fuels differ from those of conventional fuels, for which cur-
rent code requirements and design standards were developed.
Thus, established ventilation requirements may not be valid for bus
garage facilities used by alternative-fuel vehicles. The designer
should consult current literature on HVAC system design for these
facilities rather than relying on conventional practices. One source
is the Alternative Fuels Data Center at the U.S. Department of En-
ergy in Washington, D.C; their web site (www.eere.energy.gov/afdc)
includes design recommendations for various alternative fuels. The
DOT (1996a, 1996b, 1996¢, 1997b, 1998) Volpe Transportation
Center has also issued several guidelines for alternative-fuel bus
facilities, which can be consulted for additional suggestions.

CNG Vehicle Facilities. For CNG bus facilities, NFPA Stan-
dard 52 recommends a separate mechanical ventilation system pro-
viding at least 0.017 m3/s per 12 m3, or 5 ach, for indoor fueling and
gas processing/storage areas. The ventilation system should oper-
ate continuously or be activated by a continuously monitoring nat-
ural gas detector when a gas concentration of not more than 20% of
the lower flammability limit (LFL) is present. The fueling or fuel-
compression equipment should be interlocked to shut down if the
mechanical ventilation system fails. Supply inlets should be
located near floor level; exhaust outlets should be located high in
the roof or exterior wall structure. The International Mechanical
Code® (ICC 2009a) has identical requirements, except that it re-
quires activation of the ventilation system at 25% of the LFL, and
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the requirements apply to maintenance and repair areas as well as
indoor fueling facilities.

DOT (1996a) guidelines for CNG facilities address bus storage
and maintenance areas, as well as bus fueling areas. DOT recommen-
dations include (1) minimizing potential for dead-air zones and gas
pockets (which may require coordination with architectural and struc-
tural designers); (2) using a normal ventilation rate of 6 ach, with pro-
visions to increase that rate by an additional 6 ach in the event of a gas
release; (3) using nonsparking exhaust fans rated for use in Class 1,
Division 2 areas (as defined by NFPA Standard 70); and (4) increas-
ing the minimum ventilation rate in smaller facilities to maintain dilu-
tion levels similar to those in larger facilities. Open-flame heating
equipment should not be used, and the surface temperature of heating
units should not exceed 425°C. In the event of a gas release, de-
energizing supply fans that discharge near the ceiling level should be
considered, to avoid spreading the gas plume.

LNG Vehicle Facilities. NFPA Standard 52 includes require-
ments for LNG bus facilities. The standard recommends a separate
mechanical ventilation system providing at least 0.017 m3/s per
12 m3, or 5 ach, for indoor fueling areas. The ventilation system
should operate continuously or be activated by a continuously mon-
itoring natural gas detection system when a gas concentration of not
more than 20% of the LFL is present. Fueling equipment should be
interlocked to shut down in case the mechanical ventilation system
fails. DOT (1997b) provides further information on LNG fuel.

LPG Vehicle Facilities. NFPA Standard 58 and the Interna-
tional Fuel Gas Code® (ICC 2009d) contain similar provisions
relating specifically to LPG-fueled vehicles. Both standards pro-
hibit indoor fueling of all LPG vehicles, allowing only an ade-
quately ventilated weather shelter or canopy for fueling operations.
However, the term “adequately ventilated” is not defined by any
prescriptive rate. Vehicles are permitted to be stored and serviced
indoors under NFPA Standard 58, provided they are not parked near
sources of heat, open flames (or similar sources of ignition), or
“inadequately ventilated” pits. That standard does not recommend a
ventilation rate for bus repair and storage facilities, but it does rec-
ommend a minimum of 0.005 m3/(s-m?2) in buildings and structures
housing LPG distribution facilities. DOT (1996b) provides addi-
tional information on LPG fuel.

Hydrogen Vehicle Facilities. NFPA Standard 52 includes re-
quirements for gaseous and liquid hydrogen bus facilities. The stan-
dard recommends a separate mechanical ventilation system
providing at least 0.017 m3/s per 12 m3, but not less than 0.005 m3/
(s'm?), or 5 ach, for indoor gaseous hydrogen fueling areas. The
ventilation system should operate continuously or be activated by a
continuously monitoring natural gas detection system when a
gas concentration of not more than 25% of the LFL is present. Fu-
eling equipment should be interlocked to shut down in case the me-
chanical ventilation system fails. Liquid hydrogen fueling facilities
are prohibited indoors. The International Mechanical Code® (ICC
2009a) has the same requirements, which apply to maintenance and
repair areas as well as indoor fueling facilities.

DOT (1998) provides additional information on hydrogen fuel.

5. BUS TERMINALS

The physical configuration of bus terminals varies considerably.
Most terminals are fully enclosed spaces containing passenger wait-
ing areas, ticket counters, and some retail areas. Buses load and un-
load outside the building, generally under a canopy for weather
protection. In larger cities, where space is at a premium and bus ser-
vice is extensive or integrated with subway service, bus terminals
may have comprehensive customer services and enclosed (or semi-
enclosed) multilevel structures, busway tunnels, and access ramps.
Waiting rooms and consumer spaces should have controlled envi-
ronments in accordance with normal HVAC system design practices
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for public terminal occupancies. In addition to providing the recom-
mended ventilation air rate in accordance with ASHRAE Standard
62.1, the space should be pressurized against infiltration from the
busway environment. Pressurized vestibules should be installed at
each doorway to further reduce contaminant migration and to main-
tain acceptable air quality. Waiting rooms, passenger concourse ar-
eas, and platforms are typically subjected to a highly variable people
load. The average occupant density may reach 1.0 m? per person
and, during periods of extreme congestion, 0.3 to 0.5 m2 per person.

The choice between natural and mechanical ventilation should
be based on the physical characteristics of the bus terminal and the
airflow required to maintain acceptable air quality. When natural
ventilation is selected, the individual levels of the bus terminal
should be open on all sides, and the slab-to-ceiling dimension
should be sufficiently high, or the space contoured, to allow free air
circulation. Jet fans can be used to improve natural airflow in the
busway, with relatively low energy consumption. Mechanical sys-
tems that ventilate open platforms or gate positions should be con-
figured to serve bus operating areas, as shown in Figures 21 and 22.

Platforms

Platform design and orientation should be tailored to expedite
passenger loading and unloading, to minimize both passenger expo-
sure to the busway environment and dwell time of an idling bus in
an enclosed terminal. Naturally ventilated drive-through platforms
may expose passengers to inclement weather and strong winds. An
enclosed platform (except for an open front), with the appropriate
mechanical ventilation system, should be considered. Partially
enclosed platforms can trap contaminants and may require mechan-
ical ventilation to achieve acceptable air quality.

Multilevel bus terminals have limited headroom, which restricts
natural ventilation system performance. These terminals should
have mechanical ventilation, and all platforms should be either
partially or fully enclosed. The platform ventilation system should
not induce contaminated airflow from the busway environment.
Supply air velocity should also be limited to 1.3 m/s to avoid drafts
on the platform. Partially enclosed platforms require large amounts
of outdoor air to hinder fume penetration; experience indicates that
aminimum of 0.086 m3/(s-m?) of platform area is typically required
during rush hours, and about half this rate is required during other
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Fig. 22 Fully Enclosed Waiting Room with Sawtooth Gates

periods. Figure 21 shows a partially enclosed drive-through plat-
form with an air distribution system.

Platform air quality should remain essentially the same as that of
the ventilation air introduced. Because of the piston effect, however,
some momentarily high concentrations of contaminants may occur
on the platform. Separate ventilation systems with two-speed fans
(for each platform) allow operational flexibility, in both fan usage
frequency and supply airflow rate for any one platform. Fans should
be controlled automatically to conform to bus operating schedules.
In cold climates, mechanical ventilation may need to be reduced or
heated during extreme winter weather conditions.

For large terminals with heavy bus traffic, fully enclosed platforms
are strongly recommended. Fully enclosed platforms can be ade-
quately pressurized and ventilated with normal heating and cooling
air quantities, depending on the construction tightness and number of
boarding doors and other openings. Conventional air distribution can
be used; air should not be recirculated. Openings around doors and in
the enclosure walls are usually adequate to relieve air pressure, unless
the platform construction is extraordinarily tight. Figure 22 shows a
fully enclosed waiting room with sawtooth gates.

Doors between sawtooth gates and the waiting room should re-
main closed, except for passenger loading and unloading. The waiting
room ventilation system should provide positive pressurization to
minimize infiltration of contaminants from the busway environment.
Supply air from a suitable source should be provided at the passenger
boarding area to dilute local contaminants to acceptable levels.

Bus Operation Areas

Ventilation for bus operation areas should be designed and evalu-
ated to maintain engine exhaust contaminant concentrations within
the limits set by federal and local regulations and guidelines. With
the proliferation of alternative fuels, such as biodiesel, ethanol,
methanol, compressed natural gas (CNG), and liquefied natural gas
(LNG), a bus terminal ventilation system should not only be de-
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Table 9 8 h TWA Exposure Limits for Gaseous Pollutants
from Diesel Engine Exhaust, ppm

Substance OSHA PEL ACGIH TLV
Carbon monoxide (CO) 50 25
Carbon dioxide (CO,) 5000 5000

Nitric oxide (NO) 25 25
Nitrogen dioxide (NO,) 5.0* 3.0
Formaldehyde (HCHO) 0.75 0.30*
Sulfur dioxide (SO,) 5 2.0

*Ceiling value
Note: For data on diesel bus and truck engine emissions, see Watson et al. (1988).

signed for maintaining acceptable air quality, but should also consid-
er the safety risks associated with potential leakage from buses
operating with alternative fuel loads. In an enclosed or semi-
enclosed area, a comprehensive risk assessment should be performed
for the specific types of buses operating in the bus terminal. The
nature of the bus engines should be determined for each project.

Contaminants. Of all the different types of buses in operation,
engine exhaust from diesel buses has the most harmful quantities of
contaminants. Some diesel buses also have small auxiliary gasoline
engines to drive the vehicle air-conditioning system. Excessive
exposure to diesel exhaust can cause adverse health effects, ranging
from headache and nausea to cancer and respiratory disease. Tests
on the volume and composition of exhaust gases emitted from diesel
engines during various traffic conditions indicate large variations
depending on the (1) local air temperature and humidity; (2) manu-
facturer, size, and adjustment of the engine; and (3) type of fuel used.

Components of diesel engine exhaust gases that affect the venti-
lation system design are NO,, hydrocarbons, formaldehyde, odor
constituents, aldehydes, smoke particles, sulfur dioxide, and a rela-
tively small amount of CO. Diesel engines operating in enclosed
spaces also reduce visibility, and generate both odors and particulate
matter.

Table 9 lists major health-threatening contaminants found in die-
sel engine exhaust and the exposure limits set by OSHA and
ACGIH.

OSHA permissible exposure limits (PEL) are legally enforce-
able limits, whereas the ACGIH threshold limit values (TLV) are
industrial hygiene recommendations. All the limits are time-
weighted averages (TWAs) for 8 h exposure, unless noted as a ceil-
ing value.

NO, occurs in two basic forms: nitrogen dioxide (NO,) and nitric
oxide (NO). NO, is the major contaminant considered in bus
terminal ventilation system design. Prolonged exposure to NO,
concentrations of more than 5 ppm causes health problems. Further-
more, NO, affects light transmission and thereby reduces visibility.
NO, is intensely colored and absorbs light over the entire visible
spectrum, especially at shorter wavelengths. Odor perception of
NO, is immediate at 0.42 ppm, but can be perceived by some at
levels as low as 0.12 ppm.

Bus terminal operations also affect the quality of surrounding
ambient air. The ventilation airflow rate, contaminant levels in ex-
haust air, and location and design of the air intakes and discharges
determine the effect of the bus terminal on local ambient air quality.

State and local regulations, which require consideration of local
atmospheric conditions and ambient contaminant levels in bus ter-
minal ventilation system design, must be followed.

Calculation of Ventilation Rate

To calculate the ventilation rate, the total amount of engine exhaust
gases should be determined using the bus operating schedule and
amount of time that the buses are in various modes of operation (i.e.,
cruising, decelerating, idling, and accelerating). The designer must
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Table 10 EPA Emission Standards for Urban
Bus Diesel Engines

Emissions, g/(h-kW)

Carbon Oxides of
Hydrocarbons Monoxide Nitrogen Particulate

Model Year (HC) (CO) (NO,) Matter (PM)
1991 1.74 20.8 6.72 0.335
1993 1.74 20.8 6.72 0.135
1994 1.74 20.8 6.72 0.094
1996 1.74 20.8 6.72 0.067*
1998 to 2003 1.74 20.8 5.37 0.067*
2004 to 2006 1.74 20.8 2.68t03.35 0.067*
2007 and later 0.198 20.8 0.027 0.014

*In-use PM standard 0.094 g/(h-kW)

ascertain the grade (if any) in the terminal, and whether platforms are
drive-through, drive-through with bypass lanes, or sawtooth. Bus
headway, bus speed, and various platform departure patterns must
also be considered. For instance, with sawtooth platforms, the
departing bus must accelerate backward, brake, and then accelerate
forward. The drive-through platform requires a different pattern of
departure.

Certain codes prescribe a maximum idling time for bus engines,
usually 3 to 5 min. Normally, 1 to 2 min of engine operation is
required to build up brake air pressure. EPA emission standards for
urban bus engines are summarized in Table 10 (bus emission stan-
dards in the state of California are more restrictive). The latest
version of the EPA emission factor algorithm should be used to esti-
mate bus tailpipe emissions. MOBILE6.2 (EPA 2002) has been
replaced by MOVES2010 (EPA 2009, 2010). Input parameters
(e.g., local vehicular inspection and maintenance requirements)
suitable for a specific facility should be obtained from the appropri-
ate air quality regulatory agency.

Discharged contaminant quantities should be diluted by natural
and/or mechanical ventilation to accepted, legally prescribed levels.
To maintain odor control and visibility, exhaust gas contaminants
should be diluted with outdoor air in the proportion 75 to 1.

Where urban-suburban bus operations are involved, the ventila-
tion rate varies considerably throughout the day and also between
weekdays and weekends. Fan speed or blade pitch control should be
used to conserve energy. The required ventilation airflow may be
reduced by removing contaminant emissions as quickly as possible.
This can be achieved by mounting exhaust capture hoods in the ter-
minal ceiling, above each bus exhaust stack. Exhaust air collected
by the hoods is then discharged outside of the facility through a ded-
icated exhaust system.

Effects of Alternative Fuel Use. As discussed in the section on
Bus Garages, alternative fuels are being used more widely in lieu of
conventional diesel fuel, especially for urban-suburban bus routes,
as opposed to long-distance bus service.

Current codes and design standards developed for conventional
fuels may not be valid for alternative-fuel buses. Comprehensive
design guidelines are not yet available; there is a lack of design
standards and long-term safety records for the alternative-fuel buses
and their components. Special attention should be given to both risk
assessment and design of HVAC and electrical systems for these
facilities with regard to a fuel tank or fuel line leak. Research is con-
tinuing in this application; further information may be available
from the DOT Volpe Transportation Center and NFPA Standards 52
and 58.

Bus terminal design should include a risk assessment to review
terminal operations and identify potential hazards from alternative
fuel buses. Facility managers should adopt safety principles to
determine the acceptability of these hazards, based on severity and
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frequency of occurrence. All hazards deemed undesirable or unac-
ceptable should be eliminated by system design or by modifications
to operations.

Natural Gas (NG) Buses. Fuel burned in LNG and CNG buses
has a composition of up to 98% methane (CH,). Methane burns in
a self-sustained reaction only when the volume percentage of fuel
and air is in specific limits. The lower and upper flammability, or
explosive, limits (LEL and UEL) for methane are 5.3% and 15.0%
by volume, respectively. At standard conditions, the fuel/air mixture
burns only in this range and in the presence of an ignition source, or
when the spontaneous ignition temperature of 540°C is exceeded.

Electrical and mechanical systems in a bus terminal facility
should be designed to minimize the number of ignition sources at
locations where an explosive natural gas mixture can accumulate.

Although emissions from an NG bus engine include unburned
methane, design of the bus terminal ventilation system must be
based on maintaining facility air quality below the LEL in the event
of a natural gas leak. A worst-case scenario for natural gas accumu-
lation in a facility is a leak from the bus fuel line or fuel tank, or a
sudden high-pressure release of natural gas from a CNG bus fuel
tank through its pressure relief device (PRD). For instance, a typical
CNG bus may have multiple fuel tanks, each holding gas at 25 MPa
and 21°C. If the PRD on a single tank were to open, the tank con-
tents would escape rapidly. After 1 min, 50% of the fuel would be
released to the surroundings, after 2 min, 80% would be released,
and 90% would be released after 3 min.

Because such a large quantity of fuel is released so quickly,
prompt activation of a ventilation purge mode is essential. Where
installed, a methane detection system should activate a ventilation
purge and an alarm at 20% of the LEL. Placement of methane
detectors is very important; stagnant areas, bus travel lanes, and bus
loading areas must be considered. In addition, although methane is
lighter than air (the relative density of CH, is 0.55), some research
indicates that it may not rise immediately after a leak. In a natural
gas release from a PRD, the rapid throttle-like flow through the
small-diameter orifice of the device may actually cool the fuel, mak-
ing it heavier than air. Under these conditions, the fuel may migrate
toward the floor until reaching thermal equilibrium with the sur-
rounding environment; then, natural buoyancy forces drive the fuel/
air mixture to the ceiling. Thus, the designer may consider locating
methane detectors at both ceiling and floor levels of the facility.

Although no specific ventilation criteria have been published for
natural gas vehicles in bus terminals, NFPA Standard 52 recom-
mends a blanket rate of 5 ach in fueling areas. DOT (1996a) guide-
lines for CNG transit facility design recommend a slightly more
conservative 6 ach for normal ventilation rates in bus storage areas,
with capability for 12 ach ventilation purge rate (on activation by the
methane sensors). The designer can also calculate a ventilation
purge rate based on the volumetric flow rate of methane released,
duration of the release, and size of the facility.

The size of the bus terminal significantly affects the volume flow
of ventilation air required to maintain the average concentration of
methane below 10% of the LEL. The larger the facility, the lower the
number of air changes required. However, a methane concentration
that exceeds the LEL can be expected in the immediate area of the
leak, regardless of the ventilation rate used. The size of the plume
and location/duration of the unsafe methane concentration may be
determined using comprehensive modeling analysis, such as com-
putational fluid dynamics.

Source of Ventilation Air. Because dilution is the primary
means of contaminant level control, the ventilation air source is
extremely important. The cleanest available ambient air should be
used for ventilation; in an urban area, the cleanest air is generally
above roof level. Surveys of contaminant levels in ambient air
should be conducted, and the most favorable source of ventilation
air should be used. The possibility of short-circuiting exhaust air,
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because of prevailing winds and/or building airflow patterns, should
also be evaluated.

If the only available ambient air has contaminant levels
exceeding EPA ambient air quality standards, the air should be
treated to control offending contaminants. Air-cleaning systems for
removing gases, vapors, and dust should be installed to achieve nec-
essary air quality.

Control by Contaminant Level Monitoring. Time clocks are
one of the most practical means of controlling a bus terminal venti-
lation system. Time-clock-based ventilation control systems are
typically coordinated with both bus movement schedules and in-
stalled smoke monitoring devices (i.e., obscurity meters). A bus
terminal ventilation system can also be controlled by monitoring
levels of individual gases, such as CO, CO,, NO,, methane, or other
toxic or combustible gases.

Dispatcher’s Booth. The bus dispatcher’s booth should be kept
under positive air pressure to prevent infiltration of engine exhaust
fumes. Because the booth is occupied for sustained periods, both
normal interior comfort conditions and minimized gas contaminant
levels must be maintained during the hours of occupancy.

6. TOLLBOOTHS

Toll plazas for vehicular tunnels, bridges, and toll roads gener-
ally include a series of individual tollbooths. An overhead weather
canopy and a utility tunnel (located below the roadway surface) are
frequently provided for each toll plaza. The canopy allows installa-
tion of roadway signs, air distribution ductwork, and lighting. The
utility tunnel is used to install electrical and mechanical systems; it
also provides access to each tollbooth. An administration building is
usually situated nearby. The current trend in toll collection facility
design favors automatic toll collection methods that use magnetic
tags. However, new and retrofit toll plazas still include a number of
manual toll collection lanes with individual tollbooths.

Toll collectors and supervisors are exposed to adverse environ-
mental conditions similar to those in bus terminals and under-
ground parking garages. Automotive emission levels are
considerably higher at a toll facility than on a highway because of
vehicle deceleration, idling, and acceleration. Increased levels of
CO, NO,, diesel particulates, gasoline fumes, and other automotive
emissions have a potentially detrimental effect on health.

Toll collectors cannot totally rely on physical barriers to isolate
them from automotive emissions, because open windows are
necessary for collecting tolls. Frequent opening and closing of the
window makes the heating and cooling loads of each booth fluctuate
independently. Heat loss or gain is extremely high, because all four
sides (and frequently the ceiling) of the relatively small tollbooth
are exposed to the outdoor ambient air temperature.

HVAC air distribution requirements for a toll facility should be
carefully evaluated to maintain an acceptable environment inside
the tollbooth and minimize the adverse ambient conditions to which
toll-collecting personnel are exposed.

Air Quality Criteria

Workplace air quality standards are mandated by local, state, and
federal agencies. Government health agencies differ on acceptable
CO levels. ACGIH (1998) recommends a threshold limit of 29 mg/
m3 (25 ppm) of CO for an 8 h exposure. OSHA (2001a) regulations
are for 55 mg/m?3 (50 ppm) for repeated daily 8 h exposure to CO in
the ambient air. The U.S. National Institute for Occupational Safety
and Health (NIOSH 2005) recommends maintaining an average of
40 mg/m?3 (35 ppm) and a maximum level of 230 mg/m3 (200 ppm).
Criteria for maximum acceptable CO levels should be developed
with the proper jurisdiction. As a minimum, the ventilation system
should be designed to maintain CO levels below the threshold limit
for an 8 h exposure. Deceleration, idling, and acceleration of vehi-
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cles, and varying traffic patterns make it difficult to estimate CO lev-
els around specific toll-collecting facilities without using computer
programs.

Longitudinal tunnel ventilation systems with jet fans or Saccardo
nozzles are increasingly popular for vehicular tunnels with unidi-
rectional traffic flow. These longitudinal ventilation systems dis-
charge air contaminants from the tunnel through the exit portal. If
toll plazas are situated near the exit portal, resultant CO levels
around the facilities may be higher than for other toll facilities.

If a recirculating HVAC system were used for a toll collection
facility, any contaminants entering a particular tollbooth would
remain in the ventilation air. Therefore, tollbooth ventilation sys-
tems should distribute 100% outdoor air to each booth to prevent
both intrusion and recirculation of airborne contaminants.

Design Considerations

The toll plaza ventilation system should pressurize booths to
keep out contaminants emitted by traffic. Opening the window
during toll collection varies depending on booth design and the
habits of the individual toll collector. The amount of ventilation air
required for pressurization varies accordingly.

Variable-air-volume (VAV) systems that are achievable with con-
trols now available can vary the air supply rate based on either the
pressure differential between the tollbooth and the outdoor environ-
ment, or the position of the tollbooth window. A fixed (maximum/
minimum) volume arrangement may also be used at toll plazas with
a central VAV system.

Because the area of the window opening varies with individual
toll collector habits and booth architecture, the design air supply
rate may be determined based on an estimated average window open
area. The minimum air supply (when the booth window is closed)
should be based on the amount of air required to meet the heating/
cooling requirements of the booth and that required to prevent infil-
tration of contaminants through the door and window cracks. Where
the minimum supply rate exceeds the exfiltration rate, provisions to
relieve excess air should be made to prevent overpressurization.

The space between the booth roof and the overhead canopy may
be used to install individual HVAC units, fan-coil units, or VAV
boxes. Air ducts and HVAC piping may be installed on top of the
plaza canopy or in the utility tunnel. The ducts or piping should be
insulated as needed.

The amount of ventilation air is typically high compared to the
size of the booth; the resulting rate of air change is also high. Supply
air outlets should be sized and arranged to deliver air at low velocity.
Air reheating should be considered where the supply air tempera-
ture is considered too low.

In summer, the ideal air supply location is the ceiling of the
booth, which allows cooler air to descend through the booth. In
winter, the ideal air supply location is from the bottom of the booth,
or at floor level. It is not always possible to design ideal distribution
for both cooling and heating. When air is supplied from the ceiling,
other means for providing heat at floor level (e.g., electric forced-air
heaters, electric radiant heating, heating coils in the floor) should be
considered.

The supply air intake should be located so that air drawn into the
system is as free as practicable of vehicle exhaust fumes. The
prevailing wind should be considered when locating the intake,
which should be as far from the roadway as is practicable to
provide better-quality ventilation air. Particle filtration of supply
air for booths should be carefully evaluated. The specific level and
type of filtering should be based on the ambient level of particulate
matter and the desired level of removal. See Chapter 11 of the 2017
ASHRAE Handbook—Fundamentals and Chapter 29 in the 2016
ASHRAE Handbook—HVAC Systems and Equipment for more
information.
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Equipment Selection

Individual HVAC units and central HVAC are commonly used
for toll plazas. Individual HVAC units allow each toll collector to
choose between heating, cooling, or ventilation modes. Mainte-
nance of individual units can be performed without affecting HVAC
units in other booths. In contrast, a central HVAC system should
have redundancy to avoid a shutdown of the entire toll plaza system
during maintenance operations.

The design emphasis on booth pressurization requires using
100% outdoor air; high-efficiency air filters should therefore be
considered. When a VAV system is used to reduce operating cost,
varying the supply rate of 100% outdoor air requires a complex tem-
perature control system that is not normally available for individual
HVAC units. Individual HVAC units should be considered only
where the toll plaza is small or where the tollbooths are so dispersed
that a central HVAC system is not economically justifiable.

Where hot-, chilled-, or secondary water service is available from
an adjacent administration building, an individual fan-coil for each
tollbooth and a central air handler for supplying the total volume of
ventilation air may be economical. When the operating hours for the
booths and administration building are significantly different, sepa-
rate heating and cooling for the toll-collecting facility should be con-
sidered. Central air distribution system selection should be based on
the maximum number of open traffic lanes during peak hours and
the minimum number of open traffic lanes during off-peak hours.

The HVAC system for a toll plaza is generally required to operate
continuously. Minimum ventilation air may be supplied to unoccu-
pied tollbooths to prevent infiltration of exhaust fumes. Otherwise,
consideration should be given to remotely flushing the closed toll-
booths with ventilation air before their scheduled occupancy.

7. DIESEL LOCOMOTIVE FACILITIES

Diesel locomotive facilities include shops where locomotives are
maintained and repaired, enclosed servicing areas where supplies
are replenished, and overbuilds where locomotives routinely oper-
ate inside an enclosed space and where railroad workers and/or train
passengers may be present. In general, these areas should be kept
under slightly negative air pressure to help removal of fumes and
contaminants. Ventilation should use 100% outdoor air. However,
recirculation may be used to maintain space temperature when a
facility is unoccupied or when engines are not running. Heat
recovery devices should be considered for facilities in colder cli-
mates, though they may require additional maintenance.

Historically, ventilation guidelines for locomotive facilities have
recommended simple exhaust rates, usually based on the volume of
the facility. These were developed over many years of experience
and were based on the assumption of nitrogen dioxide as the most
critical contaminant. Because contaminant limits for constituents of
diesel exhaust have been and are likely to continue changing, ASH-
RAE sponsored research project RP-1191 (Musser and Tan 2004),
which included field measurements in several facilities and a para-
metric study of design options using computational fluid dynamics.
The study resulted in a simplified contaminant-based design proce-
dure that allows designers flexibility to adapt to other critical
contaminants or concentrations. Both the traditional and RP-1191
approaches are discussed here.

Ventilation Guidelines and Facility Types

Maintenance and Repair Areas. ASHRAE Standard 62.1 and
most model codes require a minimum outdoor air ventilation rate of
0.0075 m3/(s-m?) in vehicle repair garages, with no recirculation
recommended. Because the ceiling is usually high in locomotive
repair shops, the designer should consider making a volumetric
analysis of contaminant generation and air exchange rates rather
than using the 0.0075 m3/(s-m?) ventilation rate as a blanket stan-

2019 ASHRAE Handbook—HVAC Applications (SI)

dard. The sections on Contaminant Level Criteria and Contaminant
Emission Rate have more information on diesel engine exhaust
emissions.

Information in the section on Bus Garages also applies to loco-
motive shops, especially for below-grade pits, battery charging
areas, and paint spray booths. However, diesel locomotives gener-
ally have much larger engines (ranging to over 4500 kW) than
buses. Ventilation is needed to reduce crew and worker exposure to
exhaust gas contaminants, and to remove heat emitted from engine
radiators. Where possible, diesel engines should not be operated in
shops. Shop practices should restrict diesel engine activity and
engine operating speeds/intervals; however, some shops require that
locomotives be load-tested at high engine speeds. This should be
done outdoors if possible, both to reduce indoor contaminants and
to avoid problems associated with high heat (sprinkler activation,
fire risk, etc.).

A dedicated area should be established for diesel engine opera-
tions; hoods should be used to capture engine exhaust in this area. If
hoods are impractical because of physical obstructions, then dilu-
tion ventilation must be used.

In designing hoods, the location of each exhaust point on each
type of locomotive must be identified so that each hood can be cen-
tered and located as close as possible to each exhaust point. Local
and state railroad clearance regulations must be followed, along
with occupational safety requirements. In some cases, high ceilings
or overhead cranes may limit hood use. Some newer systems at-
tempt to avoid this problem by using a flexible connection that at-
taches to the exhaust.

The hood design should not increase backpressure on locomo-
tive exhaust; the throat velocity should be kept less than twice the
exhaust discharge velocity. The associated duct design should in-
clude access doors and provisions for cleaning oily residue, which
increases the risk of fire. Fans and other ventilation equipment in
the airstream should be selected with regard to the elevated tem-
perature of the exhaust air and the effects of the oily residue in the
emissions.

Sometimes high ceilings or overhead cranes limit the use of
hoods. The Manual for Railway Engineering (AREMA 2007) notes
that 6 air changes per hour are usually sufficient to provide adequate
dilution for both idling locomotives and short engine runs at high
speed. This guideline was developed with nitrogen dioxide as the
critical contaminant, with an allowable maximum concentration of
5 ppm(v). Even dilution systems can and should take advantage of
thermal buoyancy by removing exhaust air at the ceiling level or a
high point in the shop and introducing makeup air at floor level. If
exhaust gases are allowed to cool and drop to floor level, locomotive
radiator fans (if operating) can cause further mixing in the occupied
zone, making removal less effective.

Shops in colder climates should be heated both for worker com-
fort and to prevent freezing of facility equipment and piping. The
heating system may consist of a combination of perimeter con-
vectors to offset building transmission losses, underfloor slab or
infrared radiation for comfort, and makeup air units for ventilation.
Where natural gas is available and local codes allow, direct-fired gas
heaters can be an economical compromise to provide a high degree
of worker comfort. Air curtains or door heaters are not needed in
shops where doors are opened infrequently.

Enclosed Servicing Areas. Although most locomotive servicing
is done outside, some railroads use enclosed servicing areas for
protection from weather and extreme cold. Servicing operations
include refilling fuel tanks, replenishing sand (used to aid traction),
draining toilet holding tanks, checking lubrication oil and radiator
coolant levels, and performing minor repairs. Generally, a locomo-
tive spends less than 1 h in the servicing area. Ventilation is needed
to reduce personnel exposure to exhaust gas contaminants and
remove heat emitted from engine radiators. The designer should
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also consider the presence of vapors from fuel oil dispensing and sil-
ica dust from sanding. Heating may also be included in the design,
depending on the need for worker comfort and the operations per-
formed.

Ventilation for servicing areas should be similar to that for main-
tenance and repair areas. Where possible, hoods should be used in
lieu of dilution ventilation. However, coordinating hood locations
with engine exhaust points may be difficult because different types
of locomotives may be coupled together in consists. Elevated
sanding towers and distribution piping may also interfere. Contam-
inant levels might be higher in servicing areas than in the shops
because of constantly idling locomotives and occasional higher-
speed movements in servicing areas. For dilution ventilation, the
designer should ascertain the type of operations planned for the
facility and make a volumetric analysis of expected rates of contam-
inant generation and air exchange.

Infrared radiation should be considered for heating. As with
maintenance and repair areas, direct-fired gas heaters may be eco-
nomical. Door heaters or air curtains may be justified because of fre-
quent opening of doors or a lack of doors.

Overbuilds. With increasing real estate costs, the space above
trackways and station platforms is commonly built over to enclose
the locomotive operation area. Ventilation is needed in overbuilds to
reduce crew and passenger exposure to exhaust gases and to remove
heat emitted from engine radiators and vehicle air-conditioning sys-
tems. Overbuilds are generally not heated.

Exhaust emissions from a diesel passenger locomotive operat-
ing in an overbuild are greater than those from an idling locomotive
because of head-end power requirements. The designer should de-
termine the types of locomotives to be used and the operating prac-
tices in the overbuild. As with locomotive repair shops and
servicing areas, hoods are recommended to capture engine exhaust.
According to the Overbuild of Amtrak Right-of-Way Design Policy
(Amtrak 2005), the air temperature at the exhaust source will be be-
tween 175 and 510°C. A typical ventilation design could have
hoods approximately 5.5 to 7 m above the top of the rail, with throat
velocities between 9 and 11 m/s. For dilution ventilation, the de-
signer should perform a volumetric analysis of contaminant gener-
ation and air exchange rates.

Contaminant Level Criteria

In most locations, diesel exhaust is not regulated specifically,
although concentrations of many substances found in diesel exhaust
are regulated. The U.S. Occupational Safety and Health Administra-
tion (OSHA 2001a, 2001b) identifies carbon dioxide (CO,), carbon
monoxide (CO), nitrogen dioxide (NO,), nitric oxide (NO), diesel
particulate matter (DPM), and sulfur dioxide (SO,) as major compo-
nents of diesel exhaust. Thirty-one additional substances are identi-
fied as minor components, with seventeen of these being polycyclic
aromatic hydrocarbons (PAH). These minor components are ele-
ments of DPM.

Federal OSHA requirements establish limits for these com-
pounds in the United States, although a few states may set more
restrictive requirements. Also, the American Council of Govern-
mental and Industrial Hygienists (ACGIH) publishes guideline val-
ues for use in industrial hygiene that are not legally enforceable, but
may evolve more quickly than OSHA requirements (ACGIH 2001).
Other countries set their own contaminant limits, though these may
draw heavily from the ACGIH and other U.S. publications.

When no regulations exist for DPM, nitrogen dioxide (NO,) is
present in diesel exhaust emissions at the highest levels relative to its
published limits. In these circumstances, systems designed to control
nitrogen dioxide will maintain other exhaust-related contaminants
well below their respective limits. Table 11 shows published
exposure limits in parts per million (ppm). Federal OSHA, ACGIH,
and NIOSH limits are current as of at least February 2003. Other lim-
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Table 11 Contaminant Exposure Limits for NO,
(For information only; check updated local regulations)

NO,, mg/m?

15 min

Entity 8h

OSHA: USA (PEL) 9
ACGIH: USA (TLV) 6
NIOSH: USA (REL)
Australia

Belgium

Denmark

Finland

France 6

Germany 9
Japan

Sweden 2%

Switzerland 6 11

United Kingdom 6 9

China 5

*Limit specifically for NO, from exhaust fumes.

Ceiling

o= J= =N
— © © oMY

its are taken primarily from an international database of participating
countries (ILO 2003; Lu 1993). Contaminant limits are often ex-
pressed in mg/m?3, even in regions where I-P units are used.

Most authorities do not currently distinguish DPM from other
particulates; however, this may change. The ACGIH has added
DPM measured as elemental carbon to its TLVs (ACGIH 2003). A
0.1 mg/m3 limit for elemental carbon in diesel environments has
been established in Germany. Laws enacted by the Mine Safety and
Health Administration are targeted toward limiting DPM in mining
environments (MSHA 2001a, 2001b). These changes may fore-
shadow action by OSHA. In this changing environment, designers
must check local regulations in the time and place of construction
for applicable limits.

Contaminant Emission Rate

Locomotive contaminant emissions have been measured primar-
ily for environmental reasons, and data for some models have been
published in the environmental literature (Table 12). These data are
classified for different duty-cycles of operation and different throttle
settings, and were obtained from controlled tests conducted under
steady-state operation. Engine speed, engine power, fuel rate, and
engine airflow are typically reported. Emissions are usually re-
ported for carbon monoxide (CO), oxides of nitrogen (NO,), hydro-
carbons, sulfur dioxide (SO,), and particulates. Manufacturers can
provide this information for specific engine models and should be
consulted for current and specific data for design projects.

Note that passenger locomotives consume a greater amount of
power when idling with head-end power (HEP) to serve passenger-
related needs. A passenger train idle at HEP can produce five times
the amount of NO, emissions as the same train idling with no HEP
effects (Fritz 1994). Thus, this is an important distinction between
passenger railway stations, where HEP is likely to be required, and
repair facilities, where HEP is not likely to be needed.

Available emissions data have been targeted toward outdoor
pollution concerns, which imposes some limitations in application
to indoor settings. Only recent tests document exhaust tempera-
tures, a quantity useful to design engineers concerned with sprin-
kler systems. Emissions data come from steady-state tests on
engines whose operation has been allowed to stabilize for an hour
or more, so a safety factor is suggested to allow for higher emis-
sions related to cold start and transient operation. Also, the data
include only a combined NO, emissions value. Field measure-
ments in locomotive facilities found that about 13% (by mass) of
ambient NO, could be attributed to NO, (Musser and Tan 2004).
This factor can be used estimate NO, source emissions from avail-
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Table 12 Sample Diesel Locomotive Engine Emission Data?

Throttle Engine Engine Engine
Position Speed, Power, Airflow,? Fuel Rate, NO,, CO, HC, S0O,, Particulates,
(Notch) rpm kW m3/s kg/h g/min g/min g/min g/min g/min
Four-Stroke Cycle, With Head End Power (HEP)
8, Freight 1050 2437 4.161 500 612 45 29 3.8 7.2
7, HEP 900 2066 3.336 421 540 95 23 32 8.1
6, HEP 900 1681 2.675 346 471 87 20 2.7 7.0
5, HEP 900 1325 2.092 276 386 76 12 2.1 49
4, HEP 900 763 1.263 167 253 25 9.1 1.3 39
3, HEP 900 532 0.970 121 170 18 7.1 0.93 3.7
2, HEP 900 321 0.782 79 109 12 6.6 0.60 4.1
1, HEP 900 240 0.779 65 96 12 6.9 0.50 49
HEP idle 900 138 0.713 37 48 15 8.3 0.28 6.9
Standby 720 382 0.680 86 118 14 6.2 0.65 5.0
High idle 450 25 0.220 10 15 3.7 3.0 0.08 1.0
Low idle 370 16 NAc¢ 8 8.6 53 2.7 0.07 0.78
Two-Stroke Cycle, No Head End Power (HEP)
8 903 2394 42 481 647 61 15 3.7 11
7 821 1894 34 378 424 31 9.3 29 7.3
6 726 1268 2.5 259 290 11 6.4 2.0 49
5 647 1037 22 218 248 10 6.0 1.7 44
4 563 790 1.9 167 213 4.6 4.8 1.3 32
3 489 532 1.6 115 178 32 39 0.88 23
2 337 276 1.0 64 100 35 2.5 0.50 0.90
1 337 154 1.1 41 58 2.6 1.9 0.32 0.50
High idle 339 10 1.1 15 19 1.3 1.6 0.12 0.40
Low idle 201 7 0.62 6 9.9 0.60 0.58 0.05 0.13
Auxiliary Engine/Alternator for Head End Power (HEP)
N/A 1800 521 091 125 127 55 53 1.0 2.8
N/A 1800 422 1.0 103 129 8.2 59 0.78 NA®
N/A 1800 327 0.95 81 97 4.0 5.1 0.62 2.0
N/A 1800 281 0.90 71 78 3.0 4.6 0.55 1.9
N/A 1800 227 0.85 61 63 3.0 43 0.47 1.7
N/A 1800 177 0.81 52 49 3.0 43 0.40 1.5
N/A 1800 129 0.77 43 36 3.1 4.1 0.33 1.3
N/A 1800 23 0.70 25 17 3.5 4.6 0.20 1.2

aData from Southwest Research Institute (SWRI 1992).

able data. The applicability of these data to design applications is
supported by comparisons of CFD models based on published
emissions data and field measurements taken in repair shops that
showed reasonable agreement between the measured and predicted
values (Musser and Tan 2004).

Locomotive Operation

Designers need to anticipate locomotive operation during the
design phase, particularly when estimating source strength based
on published locomotive emissions data. Some important param-
eters include the number of operating locomotives and the loca-
tion, duration, and throttle position at which they operate. The
number of locomotives likely to be operating can be estimated
based on shop or station schedules. Although it is important to
remember that a locomotive could idle at any location inside a
facility, there are often practical cues to identify the most common
or likely locations. These include platforms, facility layout, loca-
tion of equipment for servicing toilets, fuel stations, or other ser-
vice equipment. In small shops, the layout may create one or two
convenient positions in which locomotives are very likely to be
parked.

Other operating parameters may be more difficult to estimate,
particularly in shops. Field observations for ASHRAE research
project RP-1191 recorded locomotive operation in several shops
varying from a few minutes to an hour in duration, usually at idle

YIntake, corrected to standard air density 1.203 kg/m3.

¢Data not available.

and low throttle settings (Musser and Tan 2004). Operation was
influenced by shop rules, practices, and conventions, which are
valuable to consider during the design phase. The cooperation and
involvement of shop employees in the design stage can help inte-
grate these practices so that the design conforms to the needs of the
facility, rather than the other way around.

Design Methods

General Exhaust Systems. A contaminant-based procedure
using a simplified equation developed with computational fluid
dynamics can be used to design general exhaust systems using the
steps below. The simplified equation was developed to flexibly
adapt to changes in contaminant limits. Figures 23 and 24 show
schematic drawings of such a system.

Step 1: Verify that design parameters to be used in the simplified
equation fall within the ranges for which the equation is valid.

* Ceiling height Z must be 6 to 13.7 m.

* Fan spacing X must be 6 to 18 m.

» Exhaust fan flow Q must provide 5 to 12 air changes per hour
(ach).

Step 2: Verify that other facility characteristics show reasonable
agreement with the assumptions of the parametric study:
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Fig. 23 Section View of Locomotive and General
Exhaust System

» Fan dimensions L: Exhaust fan or duct dimensions are 1.5 by
1.5m.

 Fan placement: Exhaust fans or duct openings are centered above
each track.

» Locomotive exhaust temperature 7 177°C.

* Locomotive exhaust flow rate F: 1 m3/s.

« Radiator fans: For many locomotive models, radiator fans do not
operate when the locomotive is idling, and no radiator fan flow
was modeled in this study. If radiator fans will be operating, they
may alter the indoor airflow patterns.

 Operating time: The equation is based on steady state conditions,
so it is not necessary to assume a maximum operating time.

 Concurrent operation: The equation allows for concurrent opera-
tion on different tracks. However, it does not include concurrent
operation of more than one locomotive on the same track.

» Track-to-track spacing Y: 7.6 m.

* Ambient temperature: 32°C. This was selected because warmer
ambient temperatures tend to reduce the upward buoyancy of
warm exhaust gases.

Step 3: Obtain emissions data for critical contaminants and deter-
mine the design indoor concentration limit for the critical con-
taminant.

» Emissions data for some locomotive models are published in the
environmental literature, and data for specific locomotives can be
obtained from the manufacturer. The emissions rate for a given
locomotive model depends on throttle position and whether head-
end power is used.

» Acceptable indoor concentration limits can be determined from
legal requirements at the location and time of construction. The
designer may also wish to consider recommended limits from or-
ganizations such as ACGIH. To allow a safety margin, a designer
might choose a contaminant limit that is lower than the published
legal limit.

Contaminant limits are often expressed in mg/m3, even in
regions where I-P units are used. A contaminant limit in ppm(v) can
be converted to mg/m? for use in the simplified equation as follows
(ASHRAE Standard 62.1):
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Fig. 24 Elevation View of Locomotive and General
Exhaust System

Table 13 Constants for Equation (20)
Constant No Platform ‘With 1.7 m Platform
a 20.0 22.5
b —-0.551 -0.773
c -3.32 -2.09
d —0.106 -0.109
e -0.308 -0.346
f 0.0119 0.0159
g 0.235 0.236
h 0.0792 0.0407
i 0.00191 0.00190
j -0.00505 ~0.00499
Molecular mass
ppm(V) X ——————— =mg/m3 (19)

24.45

Step 4: Select a fan flow rate and calculate the maximum concen-
tration to which occupants would be exposed using Equation
(20). Table 13 gives values for constants a toj whether occupants
will be standing on the floor or a 1.2 m high platform.

-3
Coce = 10 Cemixsions(a +bQ+cP+dX+eZ (20)
+f0Z+gPX+hPZ+iXZ+jPXZ)
where
C,.. =maximum time-averaged concentration of critical contaminant
to which occupants could be exposed, mg/m3
Cmissions = concentration of critical contaminant in exhaust emissions, mg/

m3
atoj = constants found in Table 13

O = total exhaust fan flow rate required, ach; must be between 5 and
12 ach

Z = ceiling height; must be 6 to 13.7 m

X = fan spacing; must be 6 to 18 m

P =locomotive offset position, dimensionless; P =0 under fan and
P =1 between fans. Other values for P can be calculated based
on the distance of locomotive stack from the nearest exhaust
fan d and fan spacing X:

p=2% 1)
Step 5: Compare C,.. obtained in step 4 with the concentration limit
Cjimis determined in step 3. If C,,.. < C}j,,,i» the selected flow rate

is adequate. If C,.. > Cj;,i»» repeat step 4 with a higher flow rate
until a concentration less than the limit is obtained.
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Step 6: Verify that the result is between 5 and 12 ach.

« Ifthe flow rate obtained is between 5 and 12 ach, this is the system

size.

« Ifthe flow rate obtained is less than 5 ach, the designer could

» Design for 5 ach.

» Perform a more detailed analysis to verify that less than 5 ach
will provide acceptable contaminant control. For rates less
than the 0.0075 m3/(s-m?2) recommended by ASHRAE Stan-
dard 62.1 or in the case of unusual sources, the presence of
contaminants other than those from diesel exhaust in the space
(e.g., liquid fuel) should also be considered.

« If'the flow rate obtained is greater than 12 ach, the designer could

* Adjust the other parameters to attempt to reduce the air change
requirement.

* Perform a more detailed analysis to verify the necessary air
flow requirement.

Example 2. Perform design calculations for a passenger locomotive repair

shop.

Step 1: Verify design parameters. The planned facility ceiling height is
9.1 m, which falls within the 6 to 13.7 m range for which the simplified
equation is valid. The planned fan spacing is 15.2 m, which also falls
within the required range of 6 to 18 m.

Step 2: Verify other facility characteristics.

Exhaust fans: Exhaust openings with an area of approximately 2.3 m?
will be used, and fans will be centered above each track.
Locomotive: Operating locomotives are usually high idle or lower.
When moving in, they will not exceed throttle position 1. Information
obtained from the manufacturer of the locomotive most commonly ser-
viced in this facility indicates an exhaust flow rate of 1.085 m3/s, an
exhaust temperature of 190°C, and NO, generation of 3.475 kg/h.
Radiator fans will not operate in the high idle position for this locomo-
tive.

Track-to-track spacing is 8.3 m. Locomotives may operate concur-
rently on adjacent tracks, but concurrent operation on the same track is
not planned.

These characteristics are reasonably similar to the assumptions upon
which the simplified equation is based.

Step 3: Obtain emissions data and determine the design limit.

The critical contaminant for this design is nitrogen dioxide (NO,).
Emission data from the manufacturer state that the NO, generation rate
is 3.475 kg/h. Field measurements conducted for ASHRAE research
project RP-1191 (Musser and Tan 2004) showed that ambient NO,
concentrations were about 13% of ambient NO, levels. Therefore, the
NO, generation rate is estimated to be 13% of the total, or 452 g/h. For
an exhaust flow rate of 1.085 m3/s, the concentration of NO, in the
exhaust is 116 mg/m3.

c 452 g/h 1 1000 me/
emissions — 1.085 m3/s 3600 s/h (1000 mg/g)
=116 mg/m?

OSHA currently requires a 5 ppm(v) ceiling for NO,, but NIOSH and
other sources recommend a 1 ppm(v) 15 min short-term exposure limit
(STEL). The designer decides to select the lower 1 ppm(v) limit and to
design for 0.5 ppm(v) (i.e., 0.94 mg/m?) to allow for a safety factor for
variations in emissions or operation.

0.5 ppm(v) x 46 3
i 0.94 mg/m
Step 4: Select a flow rate and solve for the contaminant concentration.
Ceiling height is 9.1 m, and fan spacing is 15.2 m. Based on the place-
ment of services in the shop, expect that the stack of an operating loco-
motive will be at most 3.8 m from the nearest exhaust fan, so P = 0.5.
The shop does have a 1.2 m high platform where workers may stand,
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Fig.25 Section View of Locomotive and Exhaust Hood System
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Fig. 26 Elevation View of Locomotive and Exhaust
Hood System

so Equation (20) is solved using a platform. First, try fans that provide 5
ach:

Cyoe = 107°(116 mg/m’)(22.5 - 0.7730 — 2.09P— 0.109X
~0.346Z+0.01590Z + 0236 PX + 0.0407PZ

+0.00190XZ—0.00499PXZ) = 1.13 mg/m3
» Iterate between steps 5 and 4. With 5 ach, C,. = 1.13 mg/m?. This is
greater than the desired limit of 0.94 mg/m3. If the fan flow rate
is increased to provide 10.5 ach, C,. decreases to 0.94 mg/m3. This
meets the design criterion.

Step 5: Verify that the fan flow rate is between 5 and 12 ach. No further
analysis is needed.

Exhaust Hood Design. A similar equation was also developed for
design of exhaust hood systems. However, results from the parametric
set of computational fluid dynamics simulations performed to de-
velop the equation were shown to be highly specific to the situation
and geometry shown in Figures 25 and 26. Therefore, these equations
should not be used unless the given assumptions are exactly matched.
For further information on hood design, see ACGIH (1998).
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Step 1: Verify that the design parameters to be used in the simplified
equation fall within the ranges for which it is valid.

* Hood mounting height H must be 0.9 to 2.4 m.
* Hood length L must be 1.5 to 3.4 m.
 Exhaust fan flow Q must provide 5 to 12 ach.

Step 2: Verify that other facility characteristics agree with the assump-
tions of the parametric study. These assumptions are as follows:

* Hood width : 1.5 m.

* Hood placement: Hoods are centered above each track at 18.3 m
intervals.

* Hood operation: All hoods switched on together.

Ceiling height Z: 7.6 m.

* Locomotive exhaust temperature 7: 177°C.

* Locomotive exhaust flow rate F: 0.944 m?/s.

Radiator fans: Radiator fans do not operate.

Operating time: The results of the study are based on steady-state

conditions, so it is not necessary to assume a maximum operating

time.

» Concurrent operation: The study allows for concurrent operation
on different tracks, but not for concurrent operation of more than
one locomotive on the same track.

* Track-to-track spacing Y: 7.6 m.

* Ambient temperature: 32°C.

Step 3: Obtain emissions data for critical contaminants and deter-
mine the design indoor concentration limit for the critical contami-
nant. This can be done using the procedure described for general
exhaust systems.

Step 4: Select a fan flow rate and calculate the maximum concen-
tration to which occupants would be exposed using Equation (22).
Table 14 gives values for constants a to / for occupants standing on
the floor or on a 1.2 m high platform.

Cooe = 10°C, . . (a+bQ+cP+dH+eL+fOP

+gQH+hQL+iPH+jHL+kQPH+IQHL)

22)

where
C,.. = maximum time-averaged concentration of critical
contaminant to which occupants could be exposed, mg/m3
C = concentration of critical contaminant in exhaust emissions,

emissions
mg/m3
ato ! = constants in Table 14

O = total exhaust fan flow rate required, ach; must be 5 to 12 ach

H = hood mounting height; must be 0.9 to 2.4 m

L = fan spacing; must be 1.5 to 3.4 m

P = locomotive offset position; dimensionless; P = 0 centered
under hood and P = 1 under edge of hood. Other values for P
can be calculated based on distance d of locomotive stack
from center of nearest exhaust hood and hood length L:

_2d

P
L

(23)

Step 5: Compare C,,.. obtained in step 4 with the concentration limit
Cjimir determined in step 3. If C,,.. < C};,,;5» the selected flow rate is
adequate. If C,,. > Cj;,,,;,» repeat step 4 with a higher flow rate until

a concentration less than the limit is obtained.
Step 6: Verify that the result is between 5 and 12 ach.

* Ifthe flow rate obtained is between 5 and 12 ach, this is the system
size.

* If'the flow rate obtained is less than 5 ach, the designer could
* Design for 5 ach.
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Table 14 Constants for Equation (22)

Constant No Platform With 1.2 m Platform

a 0.717 2.19

b -0.160 -0.401
c 0.900 2.18

d -0.168 -0.283
e -0.0508 -0.275
f -0.129 —0.332
g 0.0381 0.0684
h 0.0245 0.0846
i —0.174 —0.351
i 0.0294 0.0575
k 0.0290 0.0560
1 —0.00588 -0.0134

* Perform a more detailed analysis to verify that less than 5 ach
will provide acceptable contaminant control. For rates less than
the 0.0075 m3/(s-m?2) recommended by ASHRAE Standard
62.1 or in the case of unusual sources, the presence of contam-
inants other than those from diesel exhaust in the space should
also be considered (e.g., liquid fuel).

« Ifthe flow rate obtained is greater than 12 ach, the designer could
* Adjust other parameters to attempt to reduce the air change re-
quirement.
* Perform a more detailed analysis to verify the necessary airflow
requirement.

8. EQUIPMENT

An enclosed vehicular facility’s ability to function depends
mostly on the effectiveness and reliability of its ventilation system,
which must operate effectively under the most adverse
environmental, climatic, and vehicle traffic conditions. A tunnel
ventilation system should also have more than one dependable
power source, to prevent interruption of service.

Fans

Fan manufacturers should be prequalified and should be respon-
sible under one contract for furnishing and installing the fans, bear-
ings, drives (including any variable-speed components), motors,
vibration devices, sound attenuators, discharge/inlet dampers, actu-
ators, and limit switches. Other ventilation-related equipment, such
as ductwork, may be provided under a subcontract.

The primary concerns in selecting the type, size, and number of
fans include the total theoretical ventilation airflow capacity required
and a reasonable comfort margin. Fan selection is also influenced by
how reserve ventilation capacity is provided either when a fan is inop-
erative, or during maintenance or repair of either the equipment or the
power supply.

Selection (i.e., number and size) of fans needed to meet normal,
emergency, and reserve ventilation capacity requirements of the
system is based on the principle of parallel fan operation. Actual air-
flow capacities can be determined by plotting fan performance and
system curves on the same pressure-volume diagram.

Fans selected for parallel operation may be required to operate in
a particular region of their performance curves, so that airflow
capacity is not transferred back and forth between fans. This is done
by selecting a fan size and speed such that the duty-point total pres-
sure, no matter how many fans are operating, falls below the mini-
mum total pressure characterized by the bottom of the stall dip or
unstable performance range. This may require consultation with the
fan manufacturer, because this information is not typically available
from published fan performance data. Fans operating in parallel
should be of equal size and have identical performance curves. If
airflow is regulated by speed control, all fans should operate at the
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same speed. If airflow is regulated by dampers or by inlet vane
controls, all dampers or inlet vanes should be set at the same angle.
For axial-flow fans, blades on all fans should be set at the same pitch
or stagger angle.

Jet fans can be used for longitudinal ventilation to provide a pos-
itive means of smoke and air temperature management in tunnels.
This concept was proven as part of the Memorial Tunnel Fire Ven-
tilation Test Program (MHD/FHWA 1995). Although jet fans de-
liver relatively small air quantities at high velocity, the momentum
produced is transferred to the entire tunnel, inducing airflow in the
desired direction. Jet fans are normally rated in terms of thrust
rather than airflow and pressure, and can be either unidirectional or
reversible.

Number and Size of Fans. The number and size of fans should
be selected by comparing several fan arrangements based on the fea-
sibility, efficiency, and overall economy of the arrangement, and the
duty required. Factors that should be studied include (1) annual
power cost for operation, (2) annual capital cost of equipment (usu-
ally capitalized over an assumed equipment life of 30 years for mass
transit tunnel fans, or 50 years for highway and railroad tunnel fans),
and (3) annual capital cost of the structure required to house the
equipment (usually capitalized over an arbitrary structure life of
50 years).

Two views are widely held regarding the proper number and size
of fans: the first advocates a few high-capacity fans and the second
prefers numerous low-capacity fans. In most cases, a compromise
arrangement produces the greatest efficiency. The number and size
of the fans should be selected to build sufficient flexibility into the
system to meet the varying ventilation demands created by daily and
seasonal traffic fluctuations and emergency conditions. Consider-
ation should be given to satisfying emergency conditions during fan
outages for maintenance or unplanned downtime.

In general, when selecting the number of fans, several issues may
need to be considered, ranging from redundancy and space alloca-
tion, to design issues such as determining the number of control
boxes, dampers, silencers, and similar equipment. In tunnel ventila-
tion, the required fan airflow capacity is typically very large. If one
fan is installed, the fan must be large, and this design provides zero
redundancy in case of failure or maintenance. However, if many
fans are installed, more space is required than for a single fan.
Designs need to balance space allocation with an acceptable level of
redundancy.

Jet fan sizing is usually limited by space available for installation
in the tunnel. Typically mounted on the tunnel ceiling (above the
vehicle traffic lanes) or on the tunnel walls (outside the vehicle traf-
fic lanes), jet fans are sometimes placed in niches to minimize the
height or width of the entire tunnel boundary. However, niches must
be adequately sized to avoid reducing the thrust of the fans. A typ-
ical jet fan niche arrangement is provided in Figure 27.

For longitudinal ventilation using jet fans, the required number
of fans is defined (once fan size and tunnel airflow requirements
have been determined) by the total thrust required to overcome the
tunnel resistance (pressure loss), divided by the individual jet fan
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Fig. 27 Typical Jet Fan Arrangement in Niche
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thrust, which is a function of the mean air velocity in the tunnel. Jet
fans installed longitudinally should be at least 7 to 10 tunnel
hydraulic diameters apart so that the jet velocity does not affect the
performance of downstream fans. Jet fans installed side by side
should be at least two fan diameters (centerline to centerline) apart.

Type of Fan. Normally, ventilating an enclosed vehicular
facility requires a large volume of air at relatively low pressure.
Some fans have low efficiencies under these conditions, so the
choice of a suitable fan type is often limited to a centrifugal, vaneax-
ial, or jet fan.

Special Considerations. Special attention must be given to a fan
installed where airflow and pressure transients are caused by
vehicle passage. If the transient tends to increase airflow through the
fan (i.e., positive flow in front of the vehicle toward an exhaust fan,
or negative flow behind the vehicle toward a supply fan), blade load-
ing must not become high enough to produce long-term fatigue fail-
ures. If the disturbance tends to decrease airflow through the fan
(i.e., negative flow behind the vehicle toward an exhaust fan or
positive flow in front of the vehicle toward a supply fan), the fan
performance characteristic must have adequate comfort margins to
prevent an aerodynamic stall.

If the pressure pulses are large relative to the fan’s total pressure
capability, at either full or planned reduced-speed operation, it can
result in an overblown condition. Motors, power, and mechanical
systems should be designed for overblown operation if the motor
needs to operate under these conditions.

The ability to rapidly reverse the rotation of a tunnel ventilation
fan is important during an emergency. This requirement must be
considered in selection and design of the fan and drive system.

Fan Design and Operation. Fans and fan components (e.g.,
blade-positioning mechanisms, drives, bearings, motors, controls,
etc.) that must operate in the exhaust airstream during a fire or
smoke emergency should be capable of operating at maximum
speed under the temperatures specified by the following standards
or calculation procedures:

* NFPA Standard 130 for mass transit and passenger rail tunnels

* NFPA Standard 502 for road tunnels

* Computer simulations or other calculations for the maximum
expected temperatures, in railroad tunnels and other enclosed
vehicular facilities

Fans and dampers that are operated infrequently or for emer-
gency service only should be activated and tested at least once
every month to ensure that all rotating elements are in good con-
dition and properly lubricated. The period of activity should be
long enough to achieve stabilized temperatures in fan bearings and
motor windings.

Inlet boxes can be used to protect centrifugal fan bearings and
drives from high temperatures, corrosive gases, and particulate
matter in exhaust air during emergency operating mode. This
arrangement requires special attention to fan shaft design because of
overhung drive loads (see the section on Fan Shafts).

Reversible axial flow fans should be able to be rapidly reversed
from the maximum design speed in one direction to the maximum
design speed in the opposite direction in less than 60 s. Fan design
should include the effects of temperature changes associated with
reversing airflow direction. All components of reversible fans
should be designed for a minimum of 5000 cycles without
damage.

Housings for variable-pitch axial flow fans should be furnished
with instruments to measure airflow in both directions. Capped con-
nections should be provided for measuring the pressure developed
across the fan. The fan should also be protected from operating in a
stall region.

To minimize blade failure in axial flow fans, the following pre-
cautions should be taken:
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Blades should be secured to the hub by positive locking devices.

* The fan inlet (and discharge, if reversible) should be protected
against entry of foreign objects that could damage the rotating
assembly.

* The natural frequency (static and rotating) of the blade and the max-
imum stress on the blade surface (for all operating points on the fan
characteristic curve) should be measured during factory testing.

» For mass transit and rail systems, fans subjected to airflow and air

pressure reversals caused by train passage should be designed

(and tested, for verification) to withstand 4 000 000 cycles of air-

flow reversals.

When a fan includes a variable-frequency drive (VFD), factory
testing with a production version of the VFD should be done to
ensure adequate operation and compatibility with the fan system.
Fans that are run by VFDs should have an installed static blade with
a first bending natural frequency at least four times higher than the
maximum intended running speed (e.g., an 1180 rpm fan’s first
bending frequency should be at least 79 Hz). If installed blades
have a first bending frequency below this value, the VFD should be
programmed to avoid speeds that are potentially problematic.

Jet fan blades should be strong enough to withstand the air tem-
peratures created by a fire. Design calculations for jet fans should
consider that the fire might destroy the fan(s) at the fire location, and
that the jet fans downstream of the fire will operate under high tem-
peratures and reduced thrust.

Fan Shafts. Fan shafts should be designed so that the maximum
deflection of assembled fan components, including forces associ-
ated with the fan drive, does not exceed 0.42 mm per metre of shaft
length between centers of the bearings. For centrifugal fans where
the shaft overhangs the bearing, the maximum deflection at the cen-
terline of the fan drive pulley should not exceed 0.42 mm per metre
of shaft length between the center of the bearing and the center of
the fan drive pulley.

Good practice suggests that the fundamental bending mode fre-
quency of the assembled shaft, wheel, or rotor be more than 50%
higher than the highest fan speed. The first resonant speed of all
rotational components should be at least 125% above the maximum
speed. The fan assembly should be designed to withstand, for at
least 3 min, all stresses and loads from an overspeed test at 110% of
maximum design fan speed.

Bearings. Fan and motor bearings should have a minimum
equivalent L10 rated life of 10 000 h, as defined by the American
Bearing Manufacturers Association (ANSI/ABMA 2000). Special
attention must be given to belt-driven fans, because improper ten-
sioning or overtensioning of belts can drastically reduce the bearing
life, belt life, and possibly shaft life.

For axial-flow fans and jet fans, each fan motor bearing and fan
bearing should have a monitoring system that senses individual bear-
ing vibrations and temperatures, and provides a warning alarm if
either rises above the manufacturer-specified range. Jet fan motors
should have an industrial protection class (IP rating) of 55 or higher,
which has bearings with washdown-rated seals.

Because of their low speed (generally less than 450 rpm), cen-
trifugal fans are not always provided with bearing vibration sen-
sors, but they do require temperature sensors with warning alarm
and automatic fan shutdown. Bearing pedestals for centrifugal fans
should provide rigid support for the bearings with negligible imped-
iments to airflow. Static and dynamic loading of the shaft and the
impeller, and the maximum force from tension in the belts, should
be considered.

Corrosion-Resistant Materials. Choosing a particular material or
coating to protect a ventilation fan from corrosive gas is a matter of
economics. Selection of the material and/or coating should be based
on the installation environment, fan duty, and an expected service
life of 50 years.
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Sound. For ventilation fan sound attenuator design, construction
documents should specify the following:

Speed and direction of airflow, and number of operating fans

* Maximum dBA rating or NC curve(s) acceptable under installed
conditions, and locations of fan supply inlet and exhaust outlet
where these requirements apply

* OSHA or local requirements for jet-fan-generated noise limits,
which may require silencers of 1 to 2 fan diameters in length

* The dBA rating required at certain specific locations, such as
intake louvers, discharge louvers, or discharge stacks, may not
exceed OSHA or local requirements

* That the fan manufacturer must furnish and install the acoustical
treatment needed to bring the sound level down to an acceptable
value if measured sound values exceed the specified maximum
values at the defined boundaries of the fan manufacturer’s scope
of supply

* NFPA-recommended maximum noise levels for emergency fan

operations

Dampers

Dampers play a major role in overall tunnel safety and the suc-
cessful operation of a tunnel ventilation system. Dampers regulate
airflow into and out of the tunnel, through either natural or forced
ventilation, to maintain acceptable temperatures. Dampers also
relieve pressure: opening and closing dampers allows tunnel air to
be driven out of ventilation shafts located in front of moving vehi-
cles, and for fresh air to be drawn into tunnels by ventilation shafts
located behind moving vehicles. Dampers are also used with fans to
dilute or remove carbon monoxide (CO), flammable gases, or other
toxic fumes from tunnels. However, the most important function of
dampers is to direct ventilation air and smoke flow during a fire
emergency. In this function, fans and dampers operate in conjunc-
tion to exhaust smoke and control its flow in the tunnel in support of
passenger evacuations and firefighter ingress.

Damper Design. Tunnel ventilation damper design requires a
thorough understanding of design criteria, installation methods, envi-
ronmental surroundings, equipment life expectancy, maintenance re-
quirements, and operating system. Damper construction varies, but
the general construction is based on the following design criteria:

* Maximum fan operating pressure

» Normal and rogue tunnel air pressures

* Maximum air temperature

* Maximum air velocity

« Corrosion protection

» Maintainability and life expectancy of equipment
* Maximum damper