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The purpose of the study is to discuss the appropriate HVAC operations in civil buildings from a perspective of
engineering experience, to provide a safe and healthy indoor environment for working and living, responding to
the prevention of COVID-19 transmission in buildings. The study reviewed the previous theoretical studies of re-
lations between increased ventilation and the transmission of the virus, and based on a premise of value orienta-
tion, addressed that increasing the ventilation was still one of the most effective ways to promote the anti-
epidemic property in the buildings. The study thus summarized the current characteristics of different HVAC sys-

tems in buildings, and put forward the target operation strategies respectively, which effectively increased the
fresh air flow rate and meantime ensure the normal operation of the buildings. Suggestions as to the anti-
epidemic designs for the newly constructed buildings were further presented. The outcomes of HVAC operation
strategies are beneficial for instructing the normal operation of the building HVAC systems in the epidemic.

1. Introduction

The COVID-19 suddenly outbroke in the earlier 2020 and spread
rapidly worldwide. However, there are currently no consistent conclu-
sions with regards to the virus transmission mechanism and ap-
proaches. Possible ways include contact transmission, droplet transmis-
sion and aerosol transmission, among which the former two are rela-
tively acknowledged by the public [1]. As for the aerosol transmission,
controversial viewpoints existed, for example, the virus outbreak and
transmission in the Diamond Princess cruise ship [2]. Some current re-
searches indicate that different sizes of droplets would form when pa-
tients cough or sneeze, and the droplets with bigger sizes quickly de-
posit in the range of 1~2 m. While droplets with relatively smaller di-
ameters enable to transmit for a long distance, depositing more than
2 m from the patient source. In this case, for individuals, keeping indi-
vidual distance and wearing personal protective equipment are effec-
tive ways to decrease the risks for droplet transmissions [3].

The issues of virus transmission have been paid more attention for
public buildings such as offices, hotels, commercial buildings and pub-
lic transportation, to maintain the development of the economy. Espe-
cially for HVAC systems in buildings, at the initial periods of COVID-19
outbreak, it is questioned by the common public: whether the virus may
spread through the air-conditioning system in buildings when the sys-

* Corresponding author.
E-mail address: panyg@cadg.cn (Y. Pan).

https://doi.org/10.1016/j.jobe.2021.102889

tem is on; how to deal with such situations and how to conduct the pre-
cautions of HVAC systems in a building. Due to a lack of sufficient
knowledge for this kind of virus, people once were panicked at the use
of air conditioning systems in buildings while no corresponding guide-
lines or suggestions were available for the existing operation and man-
agement specification for HAVC systems in buildings [4].

In response to such questions, the authors re-thought the engineer-
ing solutions regarding HVAC operation in buildings and proposed ap-
propriate operation strategies for various systems during the COVID-19
pandemic periods at the beginning of the earliest pandemic outbreak.
Such control and strategies were adopted by a guideline entitled
“Guidelines for an emergency operation and management of office
buildings for dealing with novel coronavirus (T/ASC08-2020)", issued
by the Architectural Society of China issued [5]. This was the earliest
file regarding HVAC operation in China, which provided effective
strategies and guidelines for HVAC operations during the COVID-19
pandemic and referred by later published files. In this study, we aim to
combine with the previous engineering experiences by the authors and
elaborate the main principles and approaches of operating the building
HVAC systems, to ensure a safe and comfortable indoor environment.
Meantime, it ensures the potential and ability of HVAC systems and
minimizes the transmission risks during the COVID-19 pandemic. Cer-
tainly, through rethinking the adaptive HVAC designs in buildings, the
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proposed operations and management are not only suitable for the
COVID-19 virus, but also for other pandemic scenarios, which con-
tribute to the concept of combining normal time with the emergency in
buildings in future.

2. Concept of engineering thinking

Human thinking is a significant feature that distinguishes human
from animals. The way of thinking is also regarded as the people's pas-
sive and active responses to the world, serving as a basis to guide all hu-
man activities. Generally speaking, there are two ways for human
thinking: scientific and engineering [6]. For any engineering activities,
they are to achieve a designed goal under certain constraint conditions.
However, during this process, a creative but convergent thinking mode
is needed, which is named “engineering thinking”. Considering the op-
eration of building HVAC systems, as a typical engineering activity, is
highly dependent on the methodology of engineering thinking, the fol-
lowing sections firstly discussed the basis of engineering thinking and
its practical applications in HVAC management [7].

2.1. Core and objective of engineering thinking

The core of scientific thinking is truth-oriented, as it focuses on un-
derstanding the world, namely, answer “what” and “why” of the objec-
tive world is. A typical example is a basic research on COVID-19 (patho-
genesis, mode of transmission, etc.). In contrast, engineering thinking
pays much attention to transforming the world. It works to answer
“what people should do”. Engineering activity is indeed an activity with
constrained conditions. For example, under current situations of the
COVID-19 epidemic, to get the maximum protection and reduce the risk
of infection, the best way is to stop any social or production activities,
but this is impossible and unrealistic. To maintain economic and society
development during the pandemic period, normal activities/produc-
tions in buildings should be ensured. In this context, the core of engi-
neering thinking is value-oriented and it acts to solve the practical
problems with prerequisites. Therefore, the value orientation should be
considered when taking measures for the HVAC system under the
emerging COVID-19 pandemic situation. That is, to optimize the HVAC
operations to maintain the normal operation of buildings and coordi-
nate the development of society and economy, based on controlling
COVID pandemic situations rather than pursuing zero infection.

2.2. Fundamental principles of engineering thinking
@ Baseline principle

The engineering activity should be following the basic laws of sci-
ence. The basic laws obtained by scientific research should not only
provide basic guidance for technological invention but also provide a
baseline for engineering practice. All engineering practices should exist
with a prerequisite of basic scientific principles. In the process of pan-
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demic prevention and control, all works must be conducted based on
basic medical research and achievements.

@ Value principle

Value maximization serves as the optimal objective in engineering
thinking. In particular, the goal for each project is to achieve the ex-
pected value with minimum cost. Therefore, the output/input ratio is
often the primary concern for every engineer and administrator. For ex-
ample, the different measures taken by different countries around the
world to deal with the outbreak of the COVID-19 pandemic are essen-
tially an optimization of the output/input ratio, according to the actual
situations among different countries.

® Spatial and temporal principle

There is no engineering technology that is “one-fit-all”. All engineer-
ing activities and value creation are referred to the already mastered re-
sources and experiences (e.g., basic scientific principles, technological
achievements, natural and social resources, etc.).

2.3. Engineering thinking application for the HVAC

According to the aforementioned three fundamental principles, sev-
eral perspectives should be considered when balancing and optimizing
the HVAC operation strategies.

2.3.1. Combination of goal and process

The goal of HVAC designs is to create a comfortable indoor environ-
ment. During this process, there are demands for objective require-
ments and subjective initiation by people, while the latter often plays a
crucial role. The whole process is achieved by a cascade adjustment sys-
tem with strong subjective interference, as shown in Fig. 1, which en-
ables to correct the goal and measure continuously and timely.

Taking the indoor temperature control in hospital wards and hotels
with adjustable air supply terminals as an example, each occupant
would have specific requirements when entering the room. Although
the temperature has already been set up, patients and guests must be
enabled to adjust the terminal airflow rate flexibly to achieve the set-
ting conditions in a short or long time. When a higher airspeed at the
terminal is chosen, the temperature can be achieved within a short pe-
riod, while it may cause a higher noise caused by high fan speed. In con-
trast, when a lower airspeed at the terminal is chosen, though it takes
relatively a long time to achieve the setting conditions, the room would
be quiet during this process.

2.3.2. Theory and experience

The basic theory takes advantage of revealing the objective essence,
while the engineering experience reflects practical achievements. The
majority of the basic theoretical research on HVAC systems are ob-
tained under certain conditions, but there are also some engineering ac-
tivities conducted beyond the conditions. Therefore, the importance of

Subjective
| Interference
Goal ® Devistioi Research Adjustment Application Outcome
—Jodly,  — e R — —_—> >
(problem) (reason) (measure) (object)
Measurement
(outcome)

Fig. 1. Goals and process.
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engineering experience in specific projects should be highlighted. As no
clear conclusions for the air transmission characteristics of the COVID-
19 virus presently, the corresponding operation strategies can only re-
fer to theoretical analysis and previous experience, combining with the
specific features of building HVAC systems.

2.3.3. Demand and restriction

Pursuing comfortable environments is the fundamental demand for
people. However, there are various restrictions when making the HVAC
operation strategies for a certain project, including the resources, geog-
raphy, climate, investment and management. When no pandemic oc-
curs, energy saving of the HVAC system is one of the most important re-
quirements. The maximum comfort is pursued with the whole goal of
energy consumption limitations. During the pandemic, the demands are
transferred to transmission prevention, to ensure people safety and
health. In such cases, engineering thinking is to maximize the benefits
by optimizing and integrating suitable technologies and measures.

2.3.4. Rules and breaks

Rules are the laws in engineering and presented by regulations, by-
laws, guides, specifications and other legal documents, which serve as
baselines for all kinds of engineering projects. However, most of the en-
gineering rules are the summary of previous experience. When an un-
precedented problem occurs, the existing rules may be unsuitable. In
this case, breaking the existing rules is necessary from the perspective
of engineering thinking. However, this needs an innovative system, and
its rationality should be verified critically. The issue of the “Guidelines
for an emergency operation and management of office buildings for
dealing with “novel coronavirus” in China is indeed the outcome under
such situations.

2.3.5. Partial and holistic view

The partial and holistic view is a way of thinking about how to
achieve the optimization of the goal and the holistic value. Under the
circumstance of pandemic prevention and economic recovery, basic
principles of engineering thinking are needed in the application. In the
premise of virus transmission, a good indoor air environment is needed
and the major goal should be changed dynamically responding to dif-
ferent cases.

3. Re-thinking of building ventilation
3.1. Delusion effects of fresh air and airflow rate

During the SARS outbreak in 2003, through in-depth onsite investi-
gation in hospital wards, it was found that if the dilution ratio of the to-
tal ventilation airflow rate reached more than 10,000 times to the pa-
tients’ exhaled airflow rate, the air in the wards with patients would be
safe [8]. That is, theoretically healthy people who enter the wards with
enough ventilation will not be infected with coronavirus, even no pro-
tective measures are taken. If the amount of air exhaled by each patient
is about 0.3 m®/h and thus the dilution ventilation required for each pa-
tient ought to approximately 3000 m3/h according to the dilution ratio
of 10,000 times.

In contrast, the designed fresh airflow rate for infection wards is
about 12 ACH [9] based on the current design standards. For each
ward, the fresh airflow rate ranges from 500 to 600 m3/h. The ventila-
tion flow volume cannot meet the requirements and is much less than
the demands of 3000 m3/h for safety delusion ratio. Therefore, it is nec-
essary to take strict personal protective measures for healthy people
like medical personnel, etc., when entering the ward. In addition, the
special designs for ventilation airflow patterns in the infection wards
should be carefully made.

As for the design criteria for ordinary civil buildings, the minimal
fresh air design is based on the basic hygienic needs and the CO, con-
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centration is considered. For most civil buildings in China, the fresh air-
flow rate is about 30m3/(h-p) [10]; it cannot ensure the safety demands
without protective measures. In fact, for common civil building, the ac-
tual indoor fresh airflow rate varies during the operation of the HVAC
system and is closely related to the types of the HVAC systems. For the
HVAC system with fan coil unit (FCU) + fresh air system, the fresh air
volume is usually equal to the design value, which cannot be increased
significantly over the whole year. While for an HVAC system equipped
with the dual-fan AHU system, the system enables to adjust the fresh
airflow rate with time, in order to make full use of fresh air during the
transition season and pursue energy savings.

3.2. Safety for outdoor air

When the COVID-19 broke out early in China, it was first compared
to the SARS in 2003, which was also transmitted by the corona virus.
Though the basic reproduction number (RO) of COVID-19 and SARS are
not exactly the same, they have a similar transmission carrier. There-
fore, it is reasonable to refer to some known knowledge of SARS and put
forward corresponding countermeasures for the COVID-19. At the early
stage of the pandemic, in cooperation with the research team of Ts-
inghua University, we adopted the Gaussian plume diffusion model and
explored the diffusion and dilution of aerosols in the atmosphere, under
scenarios of the outdoor average wind speeds being 0.2 m/s (nearly
windless), 1.0 m/s and 3 m/s respectively. Coupled with previous find-
ings during the SARS period, the conclusions show that when it is wind-
less (the average wind speed <0.2 m/s), it is safe to maintain a distance
of more than 5 m with the patient; while when the outdoor wind speed
increases, it is equal to increase the air exchange rate, and thus the
safety distance is shortened [11]. To note, the clean air mentioned in
the paper especially refers to air without virus, or air is diffused to a
safe concentration, including both fresh air from the outdoor and fil-
tered air without virus. Despite this, the results confirm that it is safe to
keep the aforesaid distance for a long time stay when engaging in out-
door activities. Therefore, the outdoor air is quite safe for the preven-
tion of the COVID-19 pandemic.

4. Re-thinking of engineering operation for building HVAC
systems during the COVID-19 pandemic

Unlike the wards for patients, the common buildings differ in many
ways such as design, construction, operation and management. Thus,
the main goal is to ensure the indoor environment and prevent virus
transmission, where a trade-off of pros and cons is needed.

According to the previous analysis, due to the safety of outdoor air,
increasing the fresh airflow rate is beneficial for the dilution of indoor
air pollutants and is an effective approach to prevent virus transmission
in an indoor environment. With such perspectives, operations for sev-
eral typical HVAC systems are discussed in the following sections. To
note, buildings with radiant heating/cooling systems and radiators for
heating have no indoor-outdoor air exchange, the indoor air diffusion
and pollution of coronavirus is exclusively considered in this study. In
addition, as there is no mechanical air supply in most of the residential
buildings in China, increasing the ventilation by opening windows is
the best precaution during the pandemic for such residences. Therefore,
this paper mainly focuses on the buildings with air convection systems
and terminals such as office, hotel, shopping mall and transplantation,
and discusses the appropriate operation strategies for HVAC systems.

4.1. Operation for fan coil unit (FCU) plus fresh air system
Given the fan coil unit (FCU) plus fresh air system is the most com-

monly used HVAC system in buildings, several typical types are dis-
cussed here.
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4.1.1. Application of indoor convective terminals

The terminal devices of the FCU and the direct expansion air condi-
tioning systems are both convective heat transfer terminals. Thus there
is a concern whether such terminals would expand the indoor virus
spreading under the assumption that a “suspected” patient is in the
space. However, considering at present the commonly used air distribu-
tion modes are “upper-supply and upper-return”, “upper-supply and
lower-return”, “side-supply and side-return”, the answers are depen-
dent:

1) If the concern is about the settled “droplets” being stirred by the air
supply and spreading in the air again, it can be possibly explained
by the fact: most of the settled droplets have adhered to the ground
or the lower surfaces of the furniture. According to the simulations
of the air distribution in the room, if the return air velocity in the
occupied zone is well controlled with not more than 0.3 m/s [22]
in the HVAC system, there is no obvious diffusion effect for the
settled particles, except for the air distribution of “the lower supply
and lower return”. It is unlikely the settled droplets on the floor
will be transmitted to air by the HVAC system.

2) If this concern comes from the spread of “virus aerosol” in the
indoor air, the judgement based on the distance of each seat in the
office room is less than 5 m, and the actual activity radius of the
occupants inside the office building has far exceeded the safety
radius (1~2 m) for droplet transmissions, even more than 5 m. If
the virus aerosol exists, the speed and intensity of transmission
through the fan coil or indoor air unit are much weaker than that
caused by occupants' movement in the space. In this case, the
transmission caused by the HVAC system is slight. This is in
agreement with ASHRAE guidance for building operations, where
the HVAC systems play a minor role in infectious disease
transmission [12].

4.1.2. Increase of fresh air volume
® Room with exterior windows

If the exterior windows are available in the room, the most direct
and effective measure is to properly open the exterior window, as
shown in Fig. 2.

If the fan of the PAU has a constant speed, the designed maximum
airflow rate is indeed the minimum fresh airflow rate required by the
hygienic standard. When the exterior window is opened, the air supply
resistance of the whole fresh air system decreases, due to the enhanced
exhaust air effectively. The decreased value is equal to the value that
maintains the positive pressure (5-10Pa) indoors under the common
design conditions. According to the coupling performance curve of the
fan and the air supply duct, under the condition of opening windows,
the airflow rate of the fresh air system can be increased by about
5%—-10%.

If a variable speed fan has been used in the PAU and operated at low
speed during normal operation situations, i.e., meets the minimum
fresh airflow rate, the fan speed could be increased during the pan-
demic. In this way, the fresh airflow rate would be much more than the
minimum value, which is beneficial for diluting the indoor air pollu-
tants.

® Room without exterior windows

There are two commonly used ventilation design patterns for rooms
without exterior windows.

1) Cross-flow air heat exchanger
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Fig. 2. Room with exterior windows — open the windows.

Fig. 3 shows the application of one air heat exchanger installed in
one single room. In actual projects, one air heat exchanger can serve
multiple rooms (connecting with air duct) and the setting and working
principles are the same as those serve for one single room. The two
kinds of settings have the same controlling and operating methods,
namely, supply fresh air to the indoor space. As a result, they are differ-
ent from the HVAC systems that are designed to maintain proper room
temperatures.

There are three widely used types of heat exchanger: plate-fin type
made by polymer membrane (Figs. 3-1), rotary heat recovery wheel
(Figs. 3-2) and plate-fin type made by metal (Fig. 3-3). According to
Ref. [13], the pollution rate of exhaust air to fresh air is about 6%-9%
for polymer membrane plate-fin type heat exchanger and about
10%-30% for rotary heat recovery wheel. Due to no mass transfer for
metal plate-fin type heat exchanger (Fig. 3-3), there is no consideration
of cross-contamination for the third type. In contrast, the first and sec-
ond types of heat exchanger must be modified before the operation, to
prevent cross-contamination. A simple way is to bypass the fresh air to
completely separate the fresh air from the return air. In such conditions,
the principle of value-orientated should play the dominant role: no heat
recovery is available and pandemic prevention should be given priority
over energy-saving in normal situations.

2) Centralized fresh air supply and exhaust system for each floor in
the buildings

Ensuring the effective ventilation for each room should be given pri-
ority for such HAVC system in buildings. In this case, measures such as
opening the door, setting a grille louvre on the room door, or installing
the ventilation duct (or fan) between the room and the corridor, etc.
can be adopted. This ensures that the air in the room can be exhausted
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Fig. 3. HVAC systems with different plate-fin type heat exchanger: 1. polymer membrane, 2. rotary heat recovery, 3. metal.

to the corridor more effectively and then quickly be exhausted to the
outdoor by the centralized exhaust system set in the hallway.

4.2. Operation for all-air system
Being different from the “FCU + PAU” air conditioning system, the

all-air system is equipped with centralized return air duct, which causes
more worries and concerns for the virus transmission in such systems.

4.2.1. Single room based all-air system

There are two commonly used all-air systems for single space. One is
a single fan system (only the supply fan is equipped, see Fig. 4(a)), and
the other is a double fan system (supply fan and return fan or exhaust
fan are equipped, see Fig. 4(b).

When the all-air system only serves for a single room, the return air
delivered by the centralized return air duct is from the served space. Ac-
cording to the previous analysis for the fan coil unit in the room, the re-
turn air in such a system would not expand the virus diffusion in the
room. Therefore, it is safe for an all-air system servicing a single room,
when it is operated properly as usual.
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Fig. 4a. Single-fan AHU system serving one room.
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Fig. 4b. Dual-fan AHU system serving one room.

To increase the fresh airflow rate as much as possible during the
pandemic period and maintain the necessary room temperature at the
same time, appropriate measures can be taken by properly turning up
the fresh air damper, turning down the return air damper and opening
the exterior windows. For systems in Fig. 4, the size of the fresh air duct
is smaller than that of the supply air duct in most actual buildings. De-
spite this, the fresh airflow rate can be increased by about 12%-15%
compared to the designed condition, when the return air damper is
closed. This is approximately equal to 35%-50% of the designed flow
rate for supply air.

4.2.2. Several rooms based all-air system

The variable airflow rate system with terminal box (VAV Box)
widely used in office buildings is a typical application for multiple
rooms (see Fig. 5). The return air from various rooms are recollected
and ducted back to the air handling unit, and then sent to each room
again through the supply air fans and ducts. In this case, if the air in one
room is contaminated, there would be risks for cross infection among
rooms through air redistribution via the air duct systems. Considering
the lack of fully understanding of the COVID-19 virus and its mecha-

nism through aerosol transmission, such situations should be avoided
as possible. Therefore, it is reasonable to close the return air damper to
prevent cross-infection via the VAV system in an office building. The air
handling units are recommended to switch to 100% outdoor air. Also, it
is an alternative to set high efficient air filter inside AHU, which ensures
clean air delivered into the room. However, the efficiency and perfor-
mance demands of such air filter are underexplored.

4.3. Measures to guarantee indoor temperatures

When the fresh airflow rate is increased compared to the designed
conditions, the capacity of cooling/heating coils for the air condition-
ing unit (AHU or PAU) maybe not enough. Therefore, necessary control
measures for the HVAC systems should be considered, to operate ac-
cording to the actual situation and ensure acceptable comfort for occu-
pants.

For the centralized cooling/heating system, the setting points for the
supply temperature of chilled water should be appropriately reduced as
far as possible for central cooling, while the hot water supply tempera-
tures for heating should be also increased, to meet optimal ability. In

supply air

fully open the damper

fresh ah‘H

il

AHU

fully close the damper

¥

A 4

air conditioning
room 1

air conditioning
room 2

opening windows

opening windows

Fig. 5. VAV system serving several rooms.
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terms of terminal control, it is suggested to reduce the temperature set-
ting points for cooling and increase setting points for heating. For the
direct-expansion unit, the evaporation temperature should be properly
reduced during cooling and the condensation temperature should be in-
creased appropriately during heating.

In addition, during transition seasons, there is no need for heating or
cooling. Introducing fresh air by natural ventilation and mechanical
ventilation would benefit the building energy-saving, meantime im-
prove the indoor air quality and comfort. In particular, it is significantly
encouraged to respond to the pandemic precautions.

5. Discussions
5.1. Building HVAC operations under pandemic situations

In engineering and social practice, value is always a key element.
Under normal conditions, the HVAC systems ensure to create a good en-
vironment for buildings, meantime achieve energy savings and carbon
emission reduction as much as possible. However, in the pandemic pe-
riod, pandemic prevention has become the core for the whole society.
Despite this, the normal work/life should be still guaranteed, to main-
tain the economy and social development. Therefore, this study innova-
tively adopts the “engineering thinking”, that is, to maximize the build-
ing operation and develop the society/economy and meantime prevent
and control the new pandemic transmission. It addresses the goal of
controllable risk instead of an absolute “zero infection”. In other words,
taking excessive pandemic prevention and control measures will inhibit
the normal use of buildings, but do not consider pandemic prevention
and pursuing a high comfort environment are against the baselines
from the point of view of engineering thinking. As a result, this study
addresses the balance and coordination in Section 2.3, from five aspects
of goal and process, theory and experience, demand and restriction,
rules and breaks as well as partial and holistic view, regarding the ac-
tual practice of HVAC design and operation. It is inconsistent with the
principle of engineer thinking if just one aspect is highlighted. From
this point of view, this study proposes the concept of creating an “ac-
ceptable indoor environment” during the pandemic period and pro-
vides the strategies of increasing fresh air or clean air via building
HVAC systems. This addresses the value optimization, considering the
overall requirements of pandemic prevention and control.

During the SARS epidemic periods in 2003, increasing the fresh air
ventilation was encouraged and promoted. However, few relevant re-
search was available on how to properly operate the building air condi-
tioning system during the COVID-19 epidemic, particularly in the ear-
lier stage of the COVID-19 outbreak. This thus raises a worry and mis-
leading for the public that the HVAC system may increase the risks for
virus transmissions and should not be used in buildings. Under such
contexts, the innovations of this study are objectively analyzing the dif-
ferent types of building HVAC systems and proposing appropriate mea-
sures for operations. The authors had engaged in setting operation
strategies and edited the guidelines in earlier February 2020 [5]. It was
beneficial for advancing understandings of people on HVAC operations
during the epidemic period and managers to control the system safely.
Later with the unexpected outbreak and transmission of the COVID-19
around the world, the U.S. ASHRAE issued two statements on April
2020 [12]; the REHVA in Europe updated the COVID-19 guidance doc-
ument on April 2020 with seven revisions and additions [14]; the CIBSE
in the UK issued the coronavirus COVID-19 and HVAC system in May
2020 [15]; the Japan SHASE also issued the operation of air condition-
ing equipment in May 2020 [16]. Overall, all these guidelines were is-
sued after May 2020 and the contents varied slightly among different
standards. sufficient ventilation with effective airflow patterns has been
also highlighted as the most efficient control strategy for infectious dis-
eases in buildings [17], by diluting the indoor air around the source and
removing the infectious agents. In late 2020, the WHO [18] had also ad-
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vocated the viewpoint of increasing ventilation in public, which gradu-
ally alleviates the fear of using HVAC systems in buildings. However, on
the other hand, this is expected to have a higher ventilation thermal
load in buildings and thus higher energy and economic costs; a trade-off
between both should be explored further. In addition, the WHO only
considered aerosol transmission when procedures or support treat-
ments that produce aerosol are performed. Due to the underlying uncer-
tainty of the transmission mechanism and characteristics of COVID-19
in the air, the specific ventilation rate eliminating the risks of transmis-
sion of the airborne virus has not been established [19].

5.2. HVAC operations in future buildings based on value orientation

For future buildings, the general thoughts of the new strategies in-
clude two goals, one is to ensure the safety and healthiness of people,
the other is to provide the best indoor environment. According to engi-
neering thinking, the first goal is mandatory and the second one is op-
tional which needs to be optimized.

5.2.1. Operation strategies of HVAC systems in the existing building in the
post-pandemic

During the pandemic, safety and healthiness should be put in the
first place. Combined with the actual situations in the existing build-
ings, it is important to provide an acceptable indoor environment as
much as possible.

When the buildings are in operation, increasing the indoor ventila-
tion rate to dilute the virus concentration is one of the effective ways.
However, decreasing the resistance of the ventilation system during this
process should be considered. The possible strategies include opening
doors and windows, decreasing the resistance of fresh air ventilation
system and decreasing return airflow rate, etc. On the other hand, in-
creasing ventilation may lead to the invasion of scorching air in the
summer and freezing air in the winter, which disturbs the HVAC system
to maintain a proper indoor environment. Therefore, it is essential to fo-
cus on regulating the indoor temperatures during the process. Reason-
able automatic control measures and changing heating and cooling pa-
rameters at terminals should be taken to maintain an acceptable indoor
environment.

5.2.2. Suggestions for the construction and design of new buildings based on
a concept of combining normal time with emergency

Responding to this COVID-19 pandemic, a concept of combining
normal time with the emergency in building designs is carefully consid-
ered and accepted by populations, which reflects the engineering think-
ing well. As for HVAC systems in buildings, we should not only consider
the requirements under normal situations, such as the comfort of the in-
door environment, energy saving during system operations, etc. but
also consider the adaptive ability for sufficient clean air exchange vol-
ume when an unexpected pandemic occurs. Based on the aforemen-
tioned analysis of the various HVC systems, some suggestions can be
summarized here:

1) Each room in use is suggested to have openable external windows.
When it is not guaranteed due to specific reasons, the designed air
supply volume of the fresh air system in rooms should reach more
than 200% of the normal fresh air volume according to the health
standard. The ventilation system can be operated daily to meet the
standard of hygienic fresh air volume; in case of a pandemic, the
system has adaptions to operate in maximum designed fresh air
volume.

For the all-air system, the “double fan system” shown in Fig. 4 is
encouraged. When the pandemic occurrences, it can turn off return
air and increase the fresh air exchange rate in the room. When the
all-air system serves for multiple rooms, in addition to the air filters
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that meet the normal use, the system should be able to replace or
add filters with high and medium efficiency in case of a pandemic.

3) The adjustable fans with variable speeds are recommended in AHU
and PAU systems, which can operate at low speed at daily times
and at high speed in case of a pandemic situation.

4) When the exhaust air heat recovery is equipped in the fresh air
system, the bypass shall be set at the fresh air side or exhaust air
side.

In addition to designs, proper operation of the HVAC system, such as
running system 2 h before and after occupancies, or keeping low venti-
lation rates even without occupancy are suggested. Moreover, the
HVAC filters have been acknowledged for reducing virus transmission;
the ASHRAE also recommends the measure of increasing the filter level
in the air-conditioning system. However, at present, the return air fil-
ters in the HVAC system usually use filters with pore diameter often >
1 pm, which do not meet HEPA standards and are usually unable to fil-
ter virus particles effectively. As using high-efficiency filters would in-
evitably increase system resistance, there should be a trade-off of
choosing an appropriate air filter. This reminds us to rethink the design
and operation of buildings during extreme events such as a global pan-
demic. Awada et al. [20] discussed some questions concerning occu-
pant health in buildings during normal operations and extreme events
including the COVID-19 pandemic. The current buildings are not well
equipped to combat airborne transmissions of infectious diseases effi-
ciently. The HVAC equipment is sized and selected under normal design
conditions and it has not adequate ventilation flexibility or cleaning ca-
pacity to cope with these events.

Therefore, for the post-epidemic era, how to design buildings and
HAVC system appropriately should be carefully considered [21]. De-
signers, facility managers, and occupants need pragmatic guidance to
reduce health risks and a combination of normal time with the emer-
gency in buildings is highly expected in future. To note, since there is
no thoroughly and widely recognized research upon the transmission
mechanism, the intensity of pathogenesis and other basic knowledge on
COVID-19 virus, it is relatively difficult to quantify some measures, for
example, the accurate volumes of clean air for ventilation. Therefore,
deeper research cooperation in future should be encouraged in interdis-
ciplinary, including architecture, engineering and medical field, to ad-
vance our understandings both in basic science and technology applica-
tions.

6. Conclusions

Being different from exploring the mechanism of COVID-19 trans-
mission in the scientific field, this study innovatively proposes applica-
tions of engineering thinking and principles in building ventilation and
HVAC operations. From a review of the existing findings, increasing the
fresh air for ventilation is identified as one of the most efficient ways
during the pandemic period to ensure building operation. The design of
the HVAC system should be adaptive by foreseeing the needs of emer-
gent situations such as the pandemic. The larger volume of fresh air
supply should be considered in the design. The design flexibility of an
HVAC system should be considered such as a backup fan system, extra
filtration system and disable the heat recovery system at emergencies.
Such measures are value-orientated and based on engineering practice
experiences, which provides alternative considerations of increasing
fresh airflow rate during a pandemic and achieving thermal comfort
and energy savings during normal situations in future buildings.
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