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Abstract: Before the COVID-19 pandemic, ventilation in buildings was not always given its due
importance. The World Health Organization has highlighted the important role of air exchange with
the outdoors in improving the air quality in buildings; buildings should, therefore, be equipped
with mechanical ventilation or adequate air conditioning systems. This paper aims to investigate
different retrofit solutions for air conditioning, evaluating them in terms of energy consumption
and cost and the impact of increased outdoor air exchange rates on countering the propagation of
COVID-19; the latter is the main novelty of the paper. As a case study, we take an existing office
building located in Central Italy that was previously not equipped with a mechanical ventilation
system (a system with primary air was introduced during the study). The energy analysis was
conducted using dynamic simulation software after validation through energy bills; energy and
economic analyses were conducted considering different external-air exchange rates. An optimal
number of outdoor air changes was found to mitigate the risk of COVID-19 infection, a finding in
line with the international literature. The increase in air changes with outdoor air leads to a rise in
energy consumption and costs. These values were evaluated for different air conditioning systems
and operational schedules. These drawbacks can be made less significant by combining interventions
in the system with energy-efficiency measures applied to the building envelope.

Keywords: COVID-19; HVAC systems; energy analysis; dynamic energy simulation; outdoor air
changes

1. Introduction

In 2020, the SARS-CoV-2 virus appeared on Earth, generating a disastrous pandemic.
This virus belongs to the coronavirus family and mainly affects the respiratory tract, causing
an infectious disease called COVID-19 [1]. Compared to the infections caused by other
coronaviruses, this disease is characterized by a high level of contagiousness and a moderate
level of mortality, with a variable incubation time (4-11 days) [2,3]. Some uncertainties
regarding its transmission routes remain to be resolved by the scientific community [4].
Its speed of propagation and the absence of specific treatments meant that on 11 March
2020, the World Health Organization (WHO) declared a pandemic. Numerous variants of
this virus have been discovered, and in 2021, a vaccine was produced and administered to
most of the population. To date, the primary treatment for the disease is still to manage
symptoms and isolate the patient [5]. The correct use of facial masks has also been found to
be an effective means of defence against documented and undocumented infections [6,7].
Furthermore, containment and social-distancing measures have been implemented around
the world to avoid health-systems, economic, and social collapse [8,9]. COVID-19 infection
spreads in three main ways [10]:

e  direct contact with an infected person;
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e  contact with infected surfaces;
e inhalation of respiratory droplets produced by an infected person.

Respiratory droplets produced by an infected person vary in size. Some of them are so
small (<5 um) that they are not affected by gravitational forces and remain in suspension,
forming a bio-aerosol [11,12]. For this reason, Luongo et al., in their review paper, [13]
highlight the importance of re-designing the heating, ventilation, and air conditioning
(HVAC) systems and characterizing and improving their behaviour through quantitative
meta-analyses. Several studies strongly advise ventilating rooms via air conditioning
and ventilation systems, as ventilation significantly contributes to the dilution of the
contaminants [14,15]. However, when natural ventilation is not possible, mechanical
ventilation or air treatment can be a vehicle for the spread of infection due to recirculation
of indoor air [16,17]. In fact, for this reason, there is a need for an adequate filtration system
with absolute filters in HVAC systems [18]. Energy analyses that include CFD simulations
of the building-plants system have been used to investigate these aspects [19].

The use of mechanical ventilation coupled with local in-room filtration or in-room
germicidal air disinfection can increase medical safety. When mechanical ventilation
is provided, the ability of an outdoor air exchange system to counteract the spread of
COVID-19 often cannot be guaranteed merely by settings the hourly volumes of outdoor
air according to national or international standards, such as the Italian UNI 10339 [20].
Indeed, ventilation rates calculated using UNI 10339 usually yield values less than 1.0 air
changes per hour (ACH). From a literature analysis, some rules can be extrapolated that
support preventing the risk of infection through air conditioning systems. For example,
when fan-coil units are present in a room, the air velocity should be less than 0.5 m/s;
this velocity can be obtained by minimizing flow rates and operating the terminal units in
continuous mode [21]. When the air conditioning is guaranteed by an air handling unit
(AHU), recirculation is not recommended and the system should switch on at least two
hours before and switch off at least two hours after occupation of the room; furthermore,
HEPA (High-Efficiency Particulate Air) filters and ultraviolet (UV) or “far UV” sterilizing
technology for the entire room are strongly recommended [22,23]. Moreover, close attention
must be paid not only to the type of HVAC system, but also to the types of air terminals
in the room and above all to their position (i.e., supply diffusers at the top and extraction
vents at the bottom). Finally, heat recovery is possible but must be done with a non-rotary
type of recuperator, as recommended in the literature [24] and by international and national
guidelines [25,26].

The problem of establishing a minimum number of hourly changes of outdoor air that
would be needed to significantly counter the spread of the infection in existing buildings is
highly relevant and poorly investigated. Some studies have been performed to calculate
hourly volumes of outdoor air on generic control volumes, but they did not consider
real building structures and spaces [27,28]. In [29], the indoor air quality JAQ) was
modelled within a studio apartment with a mechanical exhaust system that was manually
controlled by the building occupants. In [30], the effectiveness of an air terminal device
with a changing geometry was verified in terms of improvement in indoor air quality.
Other studies have addressed the effects of occupancy rate and volumetric air flow by
computational fluid dynamics (CFD), applying this method to a university room [31],
an operating room [32], and a passive house [33].

Mathematical models for the evaluation of airborne infection risk are also widely used
in the literature. The Wells-Riley Model (WRM), devised by E.C. Riley, G. Murphy, and R.L.
Riley in 1978 [34] using data from a measles epidemic in 1974, is one of the most classic
approaches for statistically assessing airborne infection risk. In [35], a study on ventilation
rates and the assessment of COVID-19 infection risks in an outpatient building was performed
using this model. In [36], the same approach was used together with the spatial flow impact
factor (SFIF).
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In [37,38], modified Wells-Riley models were used for the evaluation of airborne
infection risk. Experiments also demonstrated that these methods effectively evaluate the
airborne infection risk.

In [39], the authors assess the energy, economic, and environmental impacts of en-
hanced ventilation strategies in railway coaches using the Wells-Riley model on a real train
as a case study. The work in [40] analyses optimization strategies to reduce energy con-
sumption while meeting the demands of epidemic prevention, also using the Wells-Riley
model, in several reference-building typologies.

Based on our analysis of the current international literature, many studies have focused
on the evaluation of the spread of COVID-19 using the Wells-Riley model or the CFD
approach and some papers have evaluated the effect of increased outdoor ACH on the
mitigation of COVID-19 risk infection. However, to the best of the authors” knowledge,
there are no studies examining the direct correlation between the analysis of external air
change volumes and what happens in a real case study, especially for an existing highly
crowded building, such as one intended for offices. Moreover, no particular attention
has been paid to the variability in the outdoor ACH of a real building, considering the
increase in energy consumption and costs, different configurations of HVAC systems,
and various operating schedules that could be implemented to mitigate the increase in
energy expenditure.

To fill this gap, this paper has the aim of determining the optimal number of hourly
changes of outdoor air, as well as investigating different types of HVAC systems with vari-
ous operational schedules to determine the best solutions in terms of energy consumption,
cost, and effectiveness in reducing the propagation of COVID-19. Based on the results,
a minimum value of renewal air-flow rate consistent with the literature (5 ACH) is pro-
posed as a measure for counteracting the spread of the infection in a real office building
located in Central Italy. The American Centers for Disease Control and Prevention indeed
recommends 5 ACH for buildings [41]; moreover, this value has also been reported in other
studies about airborne virus transmission [42,43]. A simulation-based approach was used.
The correlation between the outdoor ACH and the risk of propagation of COVID-19 was
analysed by the Welles-Riley model (WRM).

Subsequently, a retrofit of the building envelope is proposed to mitigate the effects
of the increased rate of outdoor air changes on the energy consumption and economic
performance of the building. Envelope retrofit is, indeed, one of the most effective measures
by which to reduce the energy consumption and operating costs of buildings [44,45].

Ultimately, this paper, after the calibration of the model for an existing public office
building, conducts the following innovative investigations:

e applies the Welles-Riley Model to determine the optimal number of outdoor air
changes needed to significantly reduce the spread of COVID-19 in a real building;

e investigates different HVAC solutions, i.e., systems with fan-coil units and primary air
or radiant panels and primary air, in combination with various operational schedules,
evaluating, in terms of energy consumption and cost, the effectiveness of increased
outdoor air changes for reducing the propagation of COVID-19;

e provides energy retrofit measures applied to the building envelope to mitigate the
impact of the increased ventilation rates on energy and economic expenditures.

2. Methodology and Case Study

In Figure 1, the workflow of the research methodology is shown.

The research was conducted on an existing public office building located in central Italy.
The building was chosen because it is representative of many historic buildings in Italy. The
building was built in the fourteenth century and is made up of load-bearing walls. The colour,
materials, and layout of the spaces make it representative of many historic buildings that were
initially built for one intended use and subsequently adapted to a public function. Their use
has changed over time, but there has been no adequate retrofit of the HVAC system to serve
the new function. There are many historic buildings that house offices and in which there is
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no mechanical ventilation or HVAC system that guarantees appropriate outdoor air exchange.
This shortcoming is a problem not only in terms of satisfactory indoor air quality, but also in
terms of mitigating the COVID risk after the recent state of emergency.

Choice of the case study building
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Figure 1. Workflow of the research methodology.

The office building examined in this study is in Formia, in the Province of Latina
(Central Italy). Climate data are reported in Table 1.

Table 1. Climate data for Formia.

Data Value
City Formia
Province Latina
Climatic zone (DPR 412/93 [46]) C
Heating degree days (DPR 412/93 [46]) 976
Winter design external temperature (DPR 1052/77 [47]) 2°C
Monthly average winter temperature 72°C
Summer design external temperature 33°C
Average wind speed 32m/s
Yearly average solar irradiation 1645 kWh/m?

It must be noted that the proposed analysis focuses on Central Italy, which is char-
acterized by temperate climatic conditions. The results would be different in localities
with more extreme climatic conditions (very hot or very cold climates), where the increase
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in the number of hourly outdoor air changes therefore leads to a greater increase in the
energy expenditure.

The characteristics of the building-plants system were evaluated through surveys of
the building. The inspections revealed the actual geometrical and thermal characteristics of
the building envelope and the type of HVAC systems in place. The building under study
has a singular semicircular shape that is more regular to the south and more irregular in
the rear part, to the north. It is regular in height, standing 3 floors above ground with an
interior height of 3.20 m, and it has a flat roof with an area of approximately 300 m2. The
total useful floor area of the building is 770 m2. Figure 2 shows the first-floor plan. The

other two floors are very similar.

Zone 14
Office
246 m?

Hallway
66.0 m?

. Toilet
: 29.5 m?

. Zone 11
Office
26.1 m?

Figure 2. First-floor plan of the case-study building.

The building has a masonry structure made of mixed stones and bricks for the perime-
ter walls, with a plaster finish both internally and externally. The windows are characterized
by wooden frames and double glazing, with external wooden shutters that guarantee shade
in summer. The roof slab is made of concrete. Table 2 shows the thermal characteristics of
the building envelope components, as evaluated based on ISO Standard 6946:2017 [48]. The
stationary thermal transmittance, U, is defined as the heat flow, in steady-state conditions,
that passes through a structural element with a 1 m? surface area of the wall in a unit of time,
given a temperature difference of 1 K degree between the indoor air and the outdoor air.
The dynamic thermal transmittance Yie is also shown. Yie is a parameter that defines the
ability of an opaque wall to phase shift and attenuate the periodic component of the thermal
flow that passes through it over a 24-h period. Very high values of stationary transmittance
can be noted for the opaque components. The main facade, which is semi-circular, faces
to the south/south-east and has no buildings in front of it that could create shade. The
only buildings obstructing direct radiation on the main facade are two buildings located on

the side.

Table 2. Thermal characteristics of the building envelope components.

Stationary Thermal Transmittance Dynamic Thermal Transmittance
U-Value [W/(m?K)] Yig [W/(m?K)]
Walls (thermal mass = 634 kg/ m?) 1.80 0.20
Roof 1.69 0.17
Windows (solar factor gg| value for glass = 0.4) 2.50 -
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The existing HVAC system is characterized by a condensing boiler with an energy
efficiency equal to 104%, with radiators for winter heating, and by 23 split systems (EER
equal to 3.2) for summer air conditioning. The heating and cooling set points for indoor
air temperature are set to 20 °C and 26 °C, respectively, and a basic on-off control system
is present in the existing building. These set points have been reported in Italian decree
DPR 74/2013 [49] and are also consistent with the recommendation of ASHRAE Funda-
mentals 2021 [50]. Domestic hot water (DHW) is provided by the same condensing boiler
used for building heating. Settings assume a consumption of 10 L per person per day
from Monday to Friday from 8:00 to 18:00 and on Saturday from 8:00 to 14:00 (the detailed
scheduling program for DHW is the same as that for occupancy, reported in Table 3).
Outdoor air changes are guaranteed only through natural ventilation (0.7 vol/h). This is
the main factor limiting the achievement of adequate indoor air quality. For this reason, the
first proposed intervention, after model calibration, was to insert an air handling unit for
primary air in the building. The typical year is considered to include 10 days of holidays.
On these days, the office and related systems are off.

The dynamic simulations were performed in DesignBuilder V.6, a parametric soft-
ware of DesignBuilder Software Ltd., Gloucestershire, UK, that allows dynamic energy
simulation of a building [51]. The main parameters used for the simulation process were
as follows:

e  Surface convection algorithm inside TARP—variable natural convection based on
temperature difference

e  Surface convection algorithm outside: DOE-2—correlation from measurements for
rough surfaces

e  Heat balance algorithm conduction transfer function: 4 timesteps/hour (i.e., the time
between two consecutive energy balances).

The number of timesteps per hour used in the zone heat-balance model calculation
as the driving timestep for heat transfer and load calculations is 6. This means that the
simulation was performed with a timestep of 10 min.

Table 3. Occupancy schedules of the existing building and input data for the calibration process.

Occupancy and DHW Schedules
From Monday to Friday 8:00-18:00 (8-9 10%; 9-10 40%; 10-16 100%; 1617 50%; 17-18 10%)

Saturday 8:00-14:00 (8-9 10%; 9-10 30%; 10-13 50%; 13-14 10%)
Sunday Closed
Input data for the calibration process
Activity Generic Office Area
Occupancy 0.06 people/m?
Metabolic rate 0.9 met
Lighting 7 W/m? (Lighting indoor parameters based on UNI 12464 [52])
Appliances 3W/m?
Infiltration rate 0.7 vol/h

The weather file used for the simulation is a typical meteorological year (TMY) Energy
Plus Weather File (EPW) for the location.

The analysis starts with the calibration of the model against measured real consump-
tion data obtained from the bills for the year 2018. The energy bills used in this study were
based on direct metering by the energy carriers. Smart meters are employed to perform the
monthly data acquisition (Italy has one of the most advanced smart-metering systems in
Europe. In 2011, Italy already had 90% electric-energy smart meters installed—second only
to Sweden, with 99%. Moreover, currently, first-generation smart meters are installed at
approximately 80% of points of delivery for gas).

The building is divided into 32 thermal zones (8 on the first floor, 12 on the second
floor, and 12 on the third floor).
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The occupancy schedules and internal gains reported in Table 3 were used as input
data for the calibration process.

Calibration was performed in compliance with Guideline 14 of the American Society
of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) [53]. Mean bias error
(MBE) and coefficient of variation of the root mean square error (Co(RMSE)) were used.
Calibration of the model consists of verifying that MBE and Cu(RMSE) are within £5% and
less than 15%, respectively, for monthly data.

MBE and Cu(RMSE) are defined by the following equations:

N (4. _
MBE [%]:—Zizl(bfs ) (1)
Yiz1dm
LN (ds—dm)?
Co(RMSE) (%] = Y—N )
ms

where

ds: simulated data;

dy: measured data;

N: number of time intervals in the monitoring period;

ms: average number of measured datapoints.

Measured and simulated values of the natural-gas and electrical energy consumption
of the building are reported in Table 4 and Table 5, respectively. Natural-gas values are
related to heating and DHW consumption. Electrical-energy values account for summer
cooling, lighting, and running appliances. Reported simulated values are those obtained
after a process of fine-tuning the building energy model, which required adjustments in
the occupancy scheduling and internal heat gains.

Table 4. Natural gas consumption.

Simulated Energy Measured Energy
Consumption Consumption

[kWh] [kWh]
January 17,275 18,125.8
February 15,169 13,911.9
March 13,125 11,602.8
April 1561 1183.2
May 430 709.9
June 169 3227
July 194 243.8
August 182 215.1
September 187 251.0
October 911 2438.2
November 8715 8605.7
December 15,815 14,700.8

Calibration outcomes provide values of MBE equal to —2.0% and cvRMSE of 13.9%
for natural gas and values of MBE equal to —1.6% and cvRMSE equal to 10.6% for electrical
energy. In both cases, the obtained values are acceptable.
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Table 5. Electrical energy consumption.

Simulated Energy Measured Energy
Consumption Consumption

[kWh] [kWh]
January 2990 3312.0
February 2739 2814.0
March 2922 2556.0
April 2739 2241.0
May 2975 2478.0
June 3753 4355.0
July 6720 7211.0
August 8175 7546.0
September 4694 4854.0
October 3116 2925.0
November 2922 2544.0
December 2739 2896.0

After the calibration of the model, the procedure used to correlate the outdoor ACH and
the risk of COVID-19 infection was described and then applied to the case-study building.

The analysis to determine the number of hourly changes of outdoor ACH needed
to decrease the risk of COVID-19 infection was conducted using the Welles-Riley model
(WRM) [54], whose adequacy to the study of these phenomena has been widely proven
in several studies in which analyses of HVAC systems were performed [54,55]. The WRM
is a simple and rapid method of assessing the risk of airborne infection because it uses
the concept of quanta (a quantum is defined as the dose of airborne droplet nuclei needed
to cause infection in 63% of susceptible people) to implicitly consider the infectivity, the
strength of the infectious source, the biological decay of the pathogens, etc. As a result,
the Wells-Riley model has been widely used in studies of infectious respiratory diseases.
The WRM assumes steady-state conditions and perfect mixing of air (which would make
the distribution of pathogen-laden aerosols spatially and temporally uniform), i.e., ideal
conditions. Numerous studies [54,55] have demonstrated the suitability of this method
for evaluating the effectiveness of natural and mechanical ventilation in reducing the
risk of contagion. This model is the first one used to assess the risk of airborne disease
transmission. Thus, the WRM is appropriate for use in this case. Before moving on to the
equations, it is helpful to provide some definitions, as follows:

- Probability of infection (P): probability of infection of a susceptible occupant exposed
to a fixed number of quanta.

- Risk of infection (R): defines how diseases are propagated by air. It represents the
possibility of infection of a susceptible and exposed occupant, taking into account the
possible values of the quanta emission rate, which are in turn determined by the type
and levels of activity and respiratory parameters. The greater the risk of infection, the
more likely an infection is to happen and the greater the extent of the damage. The risk
of infection, R, considers both the probability of infection, P, and the damage caused.

According to this model [56,57], the risk of infection, R, can be expressed as follows:

_Iqpnt

R=1—-¢ 0@ 3)

I = number of infected people;

g = number of quanta released by an infected person [h -5
pN = average breathing air flow per person [%3] ;

t = exposure time [h];

Q = renewal air-flow rate [%3].
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This equation is then modified by introducing the renewal air-flow rate, n, [h =] (V

[m3] is the volume of the room):
Igpnt

R=1-¢ 4)

By applying this equation to the case study, it is possible to calculate the risk of
contagion linked to each evaluated ventilation rate #.
Further analysis is conducted by assessing the probability of infection P [56,57]:

Ip(1—Nt—e Nt

q = emission of infectious doses emitted by an asymptomatic subject [quanta h~]
I = number of asymptomatic infected individuals

p = pulmonary breathing rate [m>/h]

V = room volume [m?]

N = overall removal factor in the environment N = A +k +rn [hfl}

A = removal factor for virus inactivation in the environment {hfl}

k = removal factor for deposition in the environment {hfl}

rn = ventilation rate [h 1]

t = time [h]

The following parameters were obtained from several articles published by Buonanno
et al. [56,57] on the spread of COVID-19 infection and by Cavallini et al. [58] on comparable
indoor operating conditions.

I=1
A=063 [hﬂ
k=024 [h—l]

g =26.3[quanta h~!]
t =8 [h]

p=0.8 [m3/h]

For the people present in the building, low-intensity activity (metabolic rate equal to
0.9 met) was assumed, as the building is intended for office use. The analyses were carried
out for all three levels of the building, considering each room individually. Bathrooms
are not served by mechanical ventilation and, therefore, these locales were excluded from
the analysis.

It is well known that other factors such as surface contamination and human behaviour
may impact the spread of COVID-19. However, these other factors are not considered in
this study, which aims only to analyse the effectiveness of outdoor ACH as a mitigation
measure for COVID-19 and a mechanism by which to improve indoor air quality.

Similar considerations apply to the study of mitigation measures. This analysis fo-
cuses on the HVAC system, and sufficient outdoor ACH is examined as the only mitigation
measure for COVID-19. Although other mitigation measures (such as face masks, surface
cleaning, social distancing, etc.), are available, their use became voluntary rather than
mandatory for the occupants after the end of the state of emergency. Furthermore, inter-
ventions on the air conditioning system are less invasive for users than personal protective
equipment, which users may find more annoying or difficult to use. Therefore, mitigation
measures based on personal protective equipment were not considered in this study.

The analyses were carried out after virtual replacement of the existing HVAC systems
with two different types of plant configurations:

e fan-coil system and primary air;
e radiant panels and primary air.

In both cases, the primary air was supplied to each room by means of delivery vents
arranged on the wall adjacent to the corridor (at the top, 20 cm away from the ceiling).
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Then, the air was extracted by means of transit grilles in the doors of the rooms and via
intake grills placed in the false ceiling of the corridor.

The existing boiler was replaced by an air-to-water heat pump for heating and cooling
and a dedicated heat pump for DHW. Moreover, the analysis examined an air handling
unit for primary air and fan coils or radiant panels instead of the old radiators. No heat
recovery was taken into account.

The analyses were performed first under standard conditions (without considering the
spread of the virus) and then under conditions intended to prevent the spread of COVID-
19 infection. This process was necessary because it allowed us to obtain the required
comparisons in terms of energy consumption and costs. Standard (i.e., pre-COVID-19)
conditions were defined as follows:

e  external air-flow rates calculated according to the Italian standard UNI 10339 [20]:
0.8 vol/h;
e  operating periods of the HVAC system: 8:00-18:00, i.e., as set in the real building.

Based on the Walles-Riley model [54], multiple possible operating periods for the
HVAC system were tested. For all the proposed schedules, the flow rate of outdoor air
and its relationship to the risk of COVID infection, as previously described by Equations
(2) and (3), are kept unchanged (5 ACH), but the HVAC system type and the operating
programs are varied as follows:

e  HP-1 Fan-coil system and primary air with operating program 6:00-20:00

e Hp-1.1 Radiant panel system and primary air with operating program 6:00-20:00

e  HP-2 Fan-coil system and primary air with 24/24 h operating program for primary air
and 6:00-20:00 for fan coils

e Hp-2.1 Radiant panel system and primary air with 24/24 h operating program for
primary air and 6:00-20:00 for radiant panels

e  Hp-3 Fan-coil system and primary air with 24/24 h operating program for the en-
tire system

In all these proposed systems, the primary airflow is considered constant (always 100%).

Lastly, a retrofit measure of the building envelope is proposed to mitigate the effects
of the increased air-change volumes on the energy use and economic performance of the
building under both Hp-1 and Hp-1.1. A simple payback period and discounted payback
period were calculated.

3. Results and Discussion

As mentioned above, the existing HVAC system was replaced in the analyses with
two different types of systems, and the energy consumption and the dimensions of the air
ducts were evaluated for both proposed systems to measure the architectonic impact of
the HVAC system. Note that both types of systems were first analysed under standard
conditions, i.e., as they would have operated pre-COVID-19, and then under conditions
designed to lower the risk of infection. After the calibration process, the necessary outdoor
ACH was examined through a parametric analysis based on the probability of infection
(Figure 3) and the risk of contagion (Figure 4). This evaluation has been made for each
thermal zone based on Equations (2) and (3), as in these equations, the risk of contagion
and the probability of infection are expressed as functions of the external air changes (rn).
The obtained optimal value for external ACH was then used in the building energy model
to obtain the energy consumption for each proposed system.

In Figures 3 and 4, the outdoor air changes per hours (ACH) are repored as function
of the probability of infection for each building zone and the risk of contagion, respectively.
Both parameters show asymptotic behaviour, but the main result is that, even though
the cases are different, they all tend towards the same ACH value (5 vol/h). When ACH
increases beyond this value, neither the probability of infection nor the risk of contagion
decrease significantly. For this reason, the value of 5 vol/h was used as the input value for
the simulations of different systems intended to mitigate the risk of COVID-19 infection,
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and this number is consistent with the literature findings. This result is also in line with the
recommendations of the American Centers for Disease Control and Prevention (5 ACH for
buildings [41]) and with the results of other studies about airborne virus transmission [42].
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Figure 3. Outdoor air changes per hour (ACH) as a function of the probability of infection for the
first floor (a), second floor (b), and third floor (c).

After the value was chosen for outdoor ACH, a comparison was made between a
design of the ducts in the pre-COVID condition, i.e., with the outdoor ACH calculated
through the Italian technical standard UNI 10339 (11 dm?3/s per person, equivalent in this
case to 0.8 vol/h), and the new cross-sections of the air ducts based on a value of ACH equal
to 5 vol/h. The dimensions of the air ducts were calculated by considering the velocity of
the air equal to 5 m/s in the main ducts and 2 m/s at the aeraulic terminals. As Table 6
shows, the cross-section of the air ducts greatly increases (+525%) under COVID conditions.
Note that ACH values of 5 h~! or higher are usual in some air conditioning systems (for
example, up to 20 ACH is normal in hospital operating rooms) without any significant
air draft and subsequent discomfort in the rooms served. It is sufficient to appropriately
choose and size the supply air diffusers or vents to obtain an air speed in the room of
approximately 0.15 m/s.
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Figure 4. Outdoor air changes per hour (ACH) as a function of the risk of contagion for the first floor
(a), second floor (b), and third floor (c).

Moreover, the thermal comfort conditions were verified for each room in all the
analysed cases (i.e., in the HP-1, HP-1.1, HP-2, HP-2,1, and HP-3, both with 0.8 ACH and
with 5.0 ACH), through the building energy dynamic simulation software DesignBuilder.

Once the air-flow rate was set for both cases (pre-COVID ACH and post-COVID ACH),
the energy performances of these two different systems were evaluated (See also Section 2—
Methodology and case study). As shown in Table 7, in the post-COVID conditions, the
lowest energy consumption occurs in the Hp-1 and Hp-1.1 systems, considering an outdoor
ACH equal to 5 vol/h and operating programs of the HVAC systems from 6:00 to 20:00.
Increases of 78% and 77%, respectively, were observed in the case of a system with a fan
coil and primary air (Hp-1) and the case of the system with a radiant panel and primary air
(Hp-1.1), compared with the pre-COVID-19 conditions.
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Table 6. Section of air ducts for the different system configurations.
Outdoor ACH Cross-Section Dlme.nsm'ns of the Cross-Section
Case 1 2 Main Air Duct Increment
(h=1) (m?) 0
(mm) (%)
Pre-COVID-19 0.8 0.0913 400 x 250
COVID-19 5 0.570 850 x 700 +525%

Of course, the increase in energy consumption represents an increase in energy costs.
Considering a tariff of electrical energy equal to 0.206 € /kWh, Table 8 shows an increase
in yearly expenditure of about 12,000 €. This is a very remarkable result, considering the
impact of these COVID-19 spread-mitigation strategies.

Table 7. Electrical energy consumption for different proposed systems and their differences in value
compared to the standard pre-COVID-19 conditions.

Energy Consumption

Hypothesis Elel:‘t:]llilty Eliq‘el\c]t;;ggy Vartztlon

Pre-COVID-19 conditions fan coils plus primary air 78,130 922 -
Pre-COVID-19 conditions radiant panels plus primary air 76,789 90.6 -

Hp-1 with 5 ACH 138,920 163.8 +78%

Hp-1.1 with 5 ACH 136,020 160.4 +77%

Hp-2 with 5 ACH 176,990 208.7 +126%

Hp-2.1 with 5 ACH 169,040 199.3 +116%

Hp-3 with 5 ACH 209,410 247 +168%

Table 8. Energy costs for different proposed systems and their differences in value compared to
standard pre-COVID-19 conditions.

Energy Costs
Increase Compared to Increase
Yearly Energy Costs o, Compared to
Proposed System €/Year Pre-COVID-19 Conditions Pre-COVID-19 Conditions

€/Year o
Pre-COVID-19, fan coils and primary air 16,095 - -
Pre-COVID-19, radiant panels and primary air 15,819 - -

Hp-1 with 5 ACH 28,618 +12,523 +78%

Hp-1.1 with 5 ACH 28,020 +12,201 +77%

To cope with the significant energy expenditure associated with installing oversized
HVAC systems to reduce the spread of viruses, an intervention on the building envelope
has been proposed that would reduce the energy requirements of the building. Specifically,
the simulated intervention consists of external coat insulation of the perimetral walls and
thermal insulation of the roof slab. In this way, the thermal transmittance of the roof and
walls is drastically reduced, as shown in the values reported in Table 9.

Table 9. Improved thermal transmittance of the roof and walls of the building.

Thermal Transmittance [W/(m2K)]

Walls 0.304
Roof 0.31

The analyses following the intervention on the building envelope were performed
only for proposed systems Hpl and Hp1.1, as they performed best in terms of both energy
consumption (Table 10) and energy costs (Table 11). These proposed systems allow for
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higher energy savings and consequently for lower energy expenditures compared to the
other systems tested.

Table 10. Comparisons of energy consumption after thermal insulation of the building envelope.

Energy Consumption

Hvpothesis Electrical Energy Electrical Energy C}];:Cgt:izgll;:glred
yp kWh KWh/m? o 8y
o
Hp-1 138,920 163.8 -
Hp-1.1 136,020 160.4 -
Hp-1 After intervention on the envelope 101,732 118.6 —27%
Hp-1.1 After intervention on the envelope 95,808 115.6 —29%
Table 11. Comparisons of energy costs after thermal insulation of the building envelope.
Energy Costs
. Total Yearly Cost Change in Energy Cost Change in Energy Cost
Hypothesis €/Year €/Year %
Hp-1 28,618 - -
Hp-1.1 28,020 - -
Hp-1 After intervention on the envelope 20,956 —7662 —27%
Hp-1.1 After intervention on the envelope 19,736 —8284 —29%

There is a significant decrease in energy consumption and costs compared to the same
system without the intervention on the building envelope. Figure 5 shows the comparisons
between the pre-COVID system and the proposed building HVAC systems system with and
without the changes to the envelope for both plant configurations: fan coils with primary
air and radiant panels with primary air.

Figure 5a,b shows an increase in energy consumption and costs of about 77% in both
cases (fan coils and radiant panels) compared to the pre-COVID system (0.8 vol/h). At
the same time, when an intervention to improve the efficiency of the building envelope
is added to the system that yields the increase in outdoor airflow, this increase in energy
consumption and cost becomes 25-30%. Thus, although the increase in the outdoor airflow
that is necessary to reduce the risk of COVID infection certainly leads to an increase in
energy cost, this cost can be significantly reduced if this intervention on the HVAC system
is accompanied by another to improve the building envelope from a thermal point of view.

Finally, an analysis to evaluate the payback period was performed. Thermal insulation
requires a wall area of 1075 m? and a roof area of 400 m?, with an economic expenditure
of 164,775 €. The cost of external wall and roof insulation were assumed to be equal to
90.0 €/m? and 75.0 €/m?, respectively, and the design costs and VAT were assumed to be
equal to 30%. Both these values were retrieved from official Italian price lists for public
works. A cost of electrical energy equal to 0.206 €/kWh and a discount rate of 4% were used
for the calculations. Considering annual savings of 7662.0 €/year under Hp-1 and annual
savings of 8284.0 €/year under Hp-1.1, the simple payback period and the discounted
payback period of the two proposed systems are equal to about 21.5 and 50 years for Hp-1
and to 20 and 40 years for Hp-1.1 (Figures 6 and 7).
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Figure 5. Comparisons in terms of energy consumption (a) and energy cost (b) between the pre-
COVID system and the intervention systems analysed.
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Figure 6. Simple payback period and discounted paymack period for the thermal insulation of the
building envelope with HP-1.
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Figure 7. Simple payback period and discounted payback period for the thermal insulation of the
building envelope with HP-1.1.

4. Conclusions

In the post-COVID era, much importance must be given to mechanical ventilation and
air conditioning systems; it is especially necessary to ensure greater flowrates of outdoor
air to mitigate the risk of infection with COVID-19 and other viruses and to guarantee
adequate air quality. However, a significant increase in outdoor airflow entails a significant
rise in energy consumption and costs, which can vary depending on the type of system and
the period of operation. The evaluation of the effect of a high value of outdoor air-flow rate
(5 ACH, effective in reducing COVID-19 infection) on the increase in energy expenditure
has been poorly analysed in the current international literature. Furthermore, this paper
focuses on a real historic building whose initial intended use was different from the current
use; therefore, the old HVAC system, as often happens in these cases, was not suitable for
the new post-pandemic situation. These two aspects represent the main novelty of this
research work.

In this paper, the HVAC system of an existing office building in Central Italy was
subjected to an energy and economic evaluation in order to quantify the increase in energy
consumption and cost when mitigation actions were taken to reduce the spread of viruses,
especially that of Sars-CoV2. Values for each proposed system were calculated with
different operational schedules. To reduce the concomitant increase in energy consumption,
an intervention on the building envelope was also proposed, and energy and economic
costs were evaluated. The following main conclusions can be drawn.

e In line with the literature findings, the optimal number of hourly outdoor ACH to
drastically reduce the risk of COVID-19 infection is 5 vol/h (vs. 0.8 vol/h of the pre-
COVID situation, based on technical standards). When the outdoor ACH is increased
over this value, risk and probability of infection show asymptotic trends. These two
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References

parameters are decreasingly affected as the number of outdoor air-flow rates increases
above the optimal value.

e  Among the various proposed COVID-prevention systems analysed, the best solutions
from the energy and economic point of view are the Hp-1 (fan-coil units as terminals)
and Hp-1.1 (radiant panel as terminals), both with an operating program of the HVAC
system from 6:00 to 20:00 and a primary air-flow rate equal to 5 vol/h.

e  The significant increase in air duct sections (+525%) due to the increased air-flow rate
highlights the necessity of considering architectural constraints that may be present in
the existing building.

e Interventions that focus only on the HVAC systems are useful for reducing the spread
of COVID-19 but lead to a very high increase in energy consumption and related energy
costs (up to 77%). A solution to this problem could be to couple the intervention on
the air conditioning system with one or more interventions on the building envelope
in order to lower the building’s energy requirements and, consequently, to lower
energy consumption and costs. To this end, the incentives that the countries of the
European Union offer for energy-efficiency interventions on building envelopes can
be considered.

5. Main Limitations of the Study and Future Developments

Although the outcome of the present study has its theoretical basis in validated models,
further research should provide field validation of the obtained results. Indeed, variations
in real occupancy values, occupant behaviours, and outdoor air ventilation rates may alter
the predictions.

Moreover, further investigations will be needed to determine an optimal value for
different external air changes for each room for different values of q (emission of infectious
doses by an asymptomatic subject).
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