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Abstract: Air conditioning systems can play a positive or negative role in the spread of COVID-19
infection. The importance of sufficient outdoor air changes in buildings was highlighted by the World
Health Organization, therefore these should be guaranteed by mechanical ventilation systems or
adequate air conditioning systems. The proposed case study concerns the optimal number of outdoor
air changes to limit COVID-19 contagion for a school building in Central Italy. The Wells–Riley
model is used to assess the risk of airborne infection, while energy consumption is calculated by a
dynamic energy simulation software. The scope of the paper offers an innovative method to define
the optimal ventilation strategy for the building’s HVAC system design to reduce the risk of infection
with limited increases in energy consumption and greenhouse gas emissions. Results show that the
desirable approach is the one in which the same low value of contagion risk is set in all rooms. This
new approach results in significant energy savings, compared to the most common ones (setting the
same high outdoor air rates for all rooms) to counteract the risk of infection. Finally, the zero-emission
building target is verified by introducing a suitable photovoltaic system to offset pollutant emissions.

Keywords: HVAC system; school building; outdoor air changes; post-COVID-19 era; indoor air
quality; mechanical ventilation; zero emission building

1. Introduction

Nowadays, it is well known that it is necessary to find solutions that simultaneously
allow energy efficiency and sustainability in the human environment, as highlighted
by studies from several regions around world [1–4]. The “European Green Deal” [5]
encourages the achievement of a climate-neutral Europe by 2050, with the challenging
scope of enhancing energy efficiency and renewable energy penetration in all sectors [6].
Although decarbonisation is an intersectoral necessity [7], building operational energy
efficiency must be considerably improved, as reported by various sources [8–10], since
a high percentage of emissions actually come from this sector. The reduction in energy
consumption and the optimisation of building systems are therefore needed as a crucial
driver of sustainable development [11,12] and energy transition [13,14]. Paradigms like
Net Zero Energy Buildings [15,16] and Zero Emission Buildings (ZEBs) [17] are expected to
spread in Europe along with renewable energy exploitation [18–20] and energy flexibility
enhancement [21–23].

ZEBs can be achieved by significantly lowering the operational greenhouse gas (GHG)
emissions of a facility and offsetting the remainder by on-site energy production from
renewable sources [24]. The integration of these technologies with a building-HVAC
system should be carefully planned to ensure that the avoided emissions achieved through
renewable energy production offset the actual building operational emissions [25].
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However, the advent of the COVID-19 pandemic significantly affected the energy
sector [26], with implications for building energy efficiency and GHG emissions as well.
Indeed, the recent pandemic necessitated a reconsideration of commonly adopted health
safety measures in human activities that led to an increase in the energy intensity of many
processes [27,28], not least the operation of civil buildings. This could significantly threaten
the achievement of European decarbonisation goals and, more broadly, the fight against
the global climate change trend if the right countermeasures are not promptly taken.

Operational energy is most affected by COVID-19 countermeasures in buildings. Indeed,
the pandemic brought attention to several aspects of building indoor environments [29–31],
such as the improvement in indoor air quality (IAQ) [32]. Building indoor comfort and health-
related safety require a significant expenditure of resources regarding operational energy
consumption [33]. Air renewal, in particular, can account for a large share of GHG emissions
of the building–plant system, and therefore, it needs special attention through exploiting heat
recovery techniques and carefully evaluating ventilation rates [34].

As analysed in the following “literature review” section, several approaches were
used to deal with the new building ventilation requirements in the post-pandemic era [35].
However, it is still difficult to provide adequate IAQ while guaranteeing long-term solutions
in terms of economic expenses and GHG emissions [36]. Methods to manage trade-offs
among IAQ, financial costs, and GHG emissions for HVAC operation strategies are an
active investigation field [36].

Indoor environment quality in classrooms is very important and often has a strong
relationship with energy issues [37]. Indeed, it is essential to provide students with the
ideal indoor environment for face-to-face learning while maintaining their safety and
health during or after a pandemic [38]. Therefore, IAQ in school buildings needs particular
attention, especially in the post-COVID-19 era [39,40]. Studies that have addressed the
ventilation effectiveness and contaminant removal effectiveness in classrooms are available
in the literature, with reference to both pre-COVID-19 and post-COVID-19 periods. A
review of CO2-based methods to determine ventilation rates in pre-COVID-19 period and
their application in school classrooms is reported in [41]. A CFD analysis of the air supply
rate influence on the aerosol dispersion in a university lecture room is provided in [42].
The experimental and numerical analysis of CO2 transport inside a university classroom is
addressed in [43]. An infection risk-based ventilation design method is developed in [44]
in order to complement an existing perceived air quality-based design method reported
in the EN 16798-1:2019 [45] and ISO 17772-1:2017 [46] standards; point source ventilation
effectiveness in classrooms is studied.

Currently, several approaches exist for the design of ventilation in buildings. In this
paper, the approach proposed by the Italian Ministerial Decree (IMD) 18.12.1975 [47], still in
force for school buildings; the one provided by the World Health Organization (WHO); the
one proposed by the American Centers for Disease Control and Prevention (ACDCP) [48];
and a parametric approach based on a uniform increase in ventilation rate are analysed
on a case study school building. The Wells–Riley model is used to assess the risk of
airborne infection, while energy consumption is calculated by means of a dynamic energy
simulation software (DesignBuilder v.6 [49]), based on the well-known and validated
EnergyPlus simulation engine [50]. This paper presents a new tailored method, based
on the use of the Wells–Riley model itself, to address the main drawbacks of the existing
approaches (uncontrolled and uneven risk of virus infection, high energy consumption,
and GHG emissions) and provide limited impacts on achieving the ZEB target. The case
study building is a newly built school in Central Italy. Finally, the economic impact of
the different analysed ventilation strategies on the attainment of the ZEB target is verified
considering different sizes of the photovoltaic (PV) system needed to offset GHG emissions
of the building. Indeed, PVs are highly profitable renewable energy production systems
from a technical and economic point of view [51].
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Aims and Innovations of This Study

The scope of this paper is to propose an innovative method to define the optimal
ventilation strategy to be adopted in buildings’ HVAC plant system designs, considering
suitable outdoor ACH (air changes per hour) in different school building rooms, to reduce
the risk of infection with limited increases in energy consumption and greenhouse gas
emissions.

The main novelty consists of proposing a new ventilation strategy that estimates
outdoor ACH values to provide a low, even, and controlled virus infection risk to the
occupants, basing on Wells–Riley model, also entailing limited energy consumption and
GHG emissions. The ZEB target is verified for each ventilation approach by introducing an
adequate PV system.

Main innovations of the study are as follows:

• Four known approaches and one novel approach for the design of ventilation rates
in buildings are analysed using the Wells–Riley method and the dynamic energy
simulation to highlight the relationship between outdoor ACH values, risk of virus
infection for occupants, building energy consumption, and GHG emissions. The four
known approaches are:

◦ Italian regulatory approach described in Ministerial Decree 18.12.1975 [47] (IMD
approach);

◦ World Health Organization (WHO) approach [52];
◦ American Centers for Disease Control and Prevention (ACDCP) approach pro-

posed in [48];
◦ A parametric approach with increasing outdoor air changes.

• A novel tailored approach for the design of ventilation rates in buildings is proposed
to provide the low, controlled, and even risk of virus infection with limited increases
in operational energy consumption and GHG emissions.

• This proposed approach can be used for the assessment of the optimal number of
hourly outdoor air changes and the risk of virus infection but also to redefine regula-
tory requirements in post-pandemic era.

• The financial impact of the analysed strategies on the attainment of the ZEB target
is assessed by considering the costs of a PV system designed to 100% compensate
GHG emissions due to the different ventilation approaches, mainly in post-pandemic
conditions.

2. Literature Review

Today, the identification of optimal ventilation strategies for new and existing build-
ings suitable to provide sufficient IAQ and significantly slow the development of any
potential airborne infection is crucial and requires in-depth research [53]. The main issue is
that infected individuals create respiratory droplets of varying sizes, some of which are
so tiny that they are not influenced by gravity forces and remain suspended, generating
a bio-aerosol that spreads the infection [54,55]. Therefore, the prompt removal of these
particles is crucial in the mitigation of the spread of the virus among building occupants
by providing adequate ventilation rates of the rooms [53]. For this purpose, a substantial
rethinking of building design and operation strategies in post-pandemic era is needed [56].

Some studies have addressed architectural spatial features of the building to control air
circulation in interior spaces while also maintaining basic performance standards [53]; other
studies have focused on the innovation of HVAC systems, proposing new air recirculation
concepts [57].

The need to improve HVAC systems to decrease the risk of virus infection is high-
lighted in [58], and guidelines have been produced in many countries for HVAC design
and operation in regard to coping with COVID-19 risk reduction requirements [59–61]. A
review of component designs for post-COVID-19 HVAC systems is reported in [62], while
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the re-thinking of engineering operation solutions for HVAC systems under pandemic
conditions can be found in [63].

Existing studies address the problem of reducing infection risk in buildings under
different scenarios and environmental conditions. From a broad point of view, some studies
on infection risk examine operating room scenarios [64], such as the investigation pro-
tracted in [65], and address the effects of operating room layout and ventilation systems on
ultrafine particle transport and deposition. With the advent of the COVID-19 pandemic,
civil buildings have also been investigated. The Mediterranean climate is considered in [66],
where a Spanish secondary school and university classrooms were analysed regarding IAQ
and the risk of COVID-19 infection. A case study for an office building in a cold and dry
climate is addressed in [67], providing a comprehensive analysis of model parameter uncer-
tainty influence on the evaluation of HVAC operation to mitigate indoor virus spread. In a
critical review of HVAC systems within the context of the global COVID-19 epidemic [68],
case studies and risk mitigation approaches from different countries are reported with a
systematic approach.

The majority of studies highly recommend room ventilation to aid in the dilution of
contaminants [69]. Ventilation can be either natural or mechanical. Mechanical ventilation
(MV) is commonly used in buildings, in combination with heating and cooling systems, to
provide fresh air and dilute pollutants [70]. Its role in providing improved IAQ has been
proved by several studies [71] that used in situ measurements and surveys to validate the
results. The positive effects on health deriving from high levels of IAQ both in offices and
school buildings are also confirmed in [72].

Natural ventilation is also an option, but the inability to integrate heat recovery
techniques often makes it a worse alternative from an energy efficiency point of view.
Nevertheless, when MV or an air handling unit partly recirculates indoor air, it can act as
a medium for virus transmission if air filtration is not present [73]. Natural ventilation,
however, does not have this issue. This drawback, typical of MV, can be solved avoiding
exhaust air recirculation or implementing the adequate filtration of recirculated air [74].

Therefore, with these conditions in mind, controlled MV has been widely recognised
as the best means to reduce airborne transmission of SARS-CoV-2 and any other airborne
virus-containing micro-drips, simultaneously ensuring the optimal control of IAQ for the
occupants [75,76]. However, it is possible that an inappropriate ventilation strategy will
not sufficiently decrease the range of contaminants [77], especially in crowded buildings,
like offices and schools. In these cases, high occupancy rates, in addition to causing poor
IAQ, can provide optimal conditions for the rapid spread of airborne diseases [75].

Also, the increases in building operational energy consumption and GHG emissions,
related to increased MV rates, are considered an issue by several studies. For this reason,
HVAC and MV systems have been object of detailed study and analyses. Energy assess-
ments, which include computational fluid dynamic (CFD) models of buildings’ HVAC
plant systems, are utilised to evaluate these factors in [78]. CFD is commonly used in
building design [79] and affine fields [80–82]. In the recent scientific literature, CFDs have
also been used in the study of a university room [83], an operating room [84] and a passive
house [85] to analyse the impacts of occupancy rate and volumetric air flow in relation to
COVID-19 spread mitigation. CFD models, however, are very resource intensive.

In the literature, mathematical models are frequently employed to assess the risk of
airborne infection. The Wells–Riley model (WRM) is a well-known method for statistically
estimating the probability of contracting an airborne virus [86]. It was first developed in
1978 [87], utilising data from a measles outbreak in 1974. This model is used in [88] to
conduct a research on ventilation rates and the evaluation of COVID-19 infection hazards in
an outpatient facility, while in [78], the same approach is used together with a new method
for obtaining the spatial distribution of the probability of infection.
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Modified Wells–Riley models have been employed in [89,90] to assess the risk of
airborne infection, and experimentations showed that these approaches efficiently assess
the risk of airborne infection. Using a case study office building, the authors of [27] evaluate
the energy and financial effects of improved ventilation techniques using the WRM. In [91],
optimisation techniques are examined to address the needs of epidemic prevention and
lower energy consumption, with reference to different building typologies, also utilising
the WRM.

In [92], a novel demand-controlled ventilation strategy to limit the spread of COVID-19
in the indoor environment is proposed, but the approach requires CO2 sensors in every
room. This restricts the implementation of the approach to buildings that already have these
sensors installed. Otherwise, a retrofit of the building’s HVAC plant system is required.

The WRM is particularly suited to the present study since it does not require resource-
intensive workflows and allows to obtain useful insights on optimal ventilation rates to limit
the virus infection risk in all the design stages. Furthermore, it can be usefully integrated
with dynamic energy simulations, allowing the assessment the impact of infection risk
reduction measures on building energy consumption and GHG emissions.

For this purpose, some research activities that did not take into account actual building
case studies were conducted to calculate optimal external air changes on generic control
volumes [93,94].

The IAQ of a studio apartment with a mechanical exhaust system that the residents of
the building manually manage is modelled in [95]. The enhancement of IAQ is used in [96]
to verify the efficacy of an air terminal device with a variable geometry. Office buildings
have also been the objects of study in the literature. In [27], the authors evaluated the
impact of improved mechanical ventilation on energy consumption costs in an existing
office building to help cope with the mitigation measures of airborne disease transmission.
Operational energy consumption in the post-pandemic era has also been investigated
in [97].

School buildings, however, have great potential for IAQ enhancement but also present
many challenges, since high occupation levels are common in rooms such as classrooms.
For this reason, in the present study, a zero-emission school building has been utilised as a
case study.

In order to comply with the ZEB target, the renewable energy production by the PV
system is taken into account. Renewable energy sources are indeed a common means
employed to offset GHG emissions derived from human activities [98]. The most common
renewable energy sources are wind-based [99] and solar-based [100,101]. Although used in
many fields [102,103], PV systems are experiencing a wide diffusion within the built envi-
ronment for harvesting solar radiation that reaches the building envelope, thus producing
clean energy with a low environmental impact [104,105]. For this reason, the integration of
PVs in the building envelope is a common strategy exploited in urbanised areas [106,107]
and, therefore, is used in this study.

3. Methodology

This section presents the methodology used to investigate the impact of outdoor
ACH optimization in post-pandemic conditions on operational energy consumption and
GHG emissions of a new school ZEB. Section 3.1 reports details about the simulation-based
approach to assess building energy consumption. In Section 3.2, the application of the WRM
to assess the risk of virus infection is explained. Section 3.3 illustrates the five analysed
ventilation strategy approaches. Lastly, a method to reach the ZEB target is provided in
Section 3.4. An outline of the workflow employed in the present study is shown in Figure 1.
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3.1. Building Energy Modelling

Energy consumption is assessed by using a simulative approach with the dynamic
energy simulation software DesignBuilder, which is based on the EnergyPlus calculation
engine [108]. EnergyPlus is one of the most widely used open-source energy simulation
engines and was developed by the U.S. Government’s Department of Energy Efficiency
and Renewable Energy (EERE). EnergyPlus has undergone validation in numerous studies,
and there are several validation tests available for the building envelope and HVAC
systems [50]. Therefore, by utilising DesignBuilder with the EnergyPlus engine, the energy
performance of buildings can be effectively modelled and analysed to optimize energy
efficiency measures.

3.2. The Wells–Riley Model

The WRM is a method for assessing the risk of airborne infection [86]. It uses the
concept of “quantum” to implicitly consider the infectivity, the strength of the infectious
source, and the biological decay of pathogens (a quantum is defined as the dose of airborne
droplet nuclei needed to cause infection in 63% of susceptible people). As a result, the
WRM has been widely used in studies on infectious respiratory diseases [86]. Although this
model assumes that the distribution of pathogen-laden aerosols is spatially and temporally
uniform, several studies regarding air conditioning systems applications have proven the
adequacy of the WRM in analysing this type of phenomena [86,109].

For the quantitative assessment of the risk of transmission of SARS-CoV-2 infection,
the present study includes four phases [77]:

• assessment of the quantum emission rate;
• assessment of the quantum concentration exposure in the microenvironment;
• assessment of the quantum dose received by an exposed susceptible subject;
• estimation of the probability of infection based on a dose–response model.

Equation (1) is used to determine the probability (a value between 0 and 1) of infection
P:

P = 1 − e−p
∫ T

0 CI(t)dt (1)

where:

the term −p
∫ T

0 CI(t)dt represents the dose of “quanta” inhaled by a susceptible subject [86];
p: pulmonary respiration rate [m3/h];
CI(t): instantaneous concentration of infective doses in the room [quanta/m3];
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T: exposure time [h].

By applying the Gammatoni–Nucci method [86], it is possible to calculate CI:

CI =
qI

NV
+

(
n0

V
− qI

NV

)
e−Nt (2)

where:

q: emission of infectious doses by an asymptomatic subject [quanta∗h−1];
I: number of asymptomatic infected individuals;
V: volume of the room [m3];
n0 = initial number of infective doses [quanta];
t: time [h];
N: overall removal factor in the environment N = λ + k + rn [h−1];
λ: removal factor due to inactivation of the virus in the environment [h−1];
k: removal factor for deposition in the environment [h−1];
rn: ventilation rate [h−1].

From Equations (1) and (2), considering that n0 = 0, it is possible to express the
probability of infection as follows:

P = 1 − exp
[

qIp
V

(
1 − Nt − e−Nt

N2

)]
(3)

The value of q is derived from a study by Buonanno et al. [77], through the Monte
Carlo method, and for “light physical activity”, q value is worth 26.3 quanta∗h−1.

Equations (4) and (5) are used to calculate the risk of infection and the reproduction
index, respectively [110].

R = 1 − e−
I q pN t

Q (4)

where Q, fresh air flow, is replaced by n∗V or ventilation rate per volume, and

I: number of asymptomatic infected individuals;
q: number of quanta produced by an infected person in 1 h [h−1];
pN : average air flow rate per person’s breathing, set at 0.6 [m3/h];
T: time [h].

R∗ = P(Ns − 1) (5)

where:

P = probability of infection;
Ns = number of people.

The significance of these three indices is herein briefly presented.
Probability of infection (P): the percentage probability of infection of an exposed

susceptible occupant receiving a calculated dose of quanta generated by a fixed or certain
quanta emission rate.

Risk of infection (R): the percentage probability of contracting the virus if the infected
person remains in the environment for the entire duration of its time of use.

Reproduction index (R*): average number of susceptible individuals potentially in-
fected by a contagious person.

3.3. Ventilation Rate Scenarios

Several building ventilation rate scenarios are analysed, consisting of three widespread
existing approaches, a parametric approach that evenly increases the ventilation rate, and a
new tailored approach, defined in this study.

Ministerial Decree 18.12.1975 [47] is currently in force in Italy for school ventilation
rate design. Therefore, it is considered the baseline approach. It stipulates the number of
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hourly changes in outdoor air (outdoor ACH) depending on the intended use of the room.
For kindergarten classrooms and cafeterias, the minimum outdoor air exchange required is
2.5 h−1, and 1.5 h−1 for hallways and offices.

WHO, instead, recommends a single minimum ventilation rate of 10 L/s per person
in non-residential buildings [52].

In addition, the American Centers for Disease Control and Prevention (ACDCP)
recommends a single value of ventilation rate, equal to five ACH [48].

Considering the HVAC system for the new case study school building, these three
different approaches are simulated with the WRM to assess the risk of COVID-19 infection
in each room, and the related total operational electric energy consumption and GHG
emissions are evaluated.

The same analyses are performed considering even ventilation rate increments from
one ACH to ten ACH. This is a parametric approach aimed to investigate the impact of
evenly increased outdoor ACH on the risk of infection for occupants and building energy
consumption and GHG emissions.

Lastly, a new approach that fixes the infection risk and calculates the ventilation rate
for each room (expressed in ACH) is proposed. This is called the “tailored” approach by
the authors since it provides the optimal ventilation rate for each room, tailoring the result
to the actual conditions of occupancy and the spatial dimension of the room itself. This
approach is designed to provide even and controlled risk across all the building rooms, as
well as a reduction in energy consumption and GHG emissions.

Results are also compared in terms of economic impact on ZEB target attainment,
by designing a PV system able to offset operational GHG emissions arising from the
application of the investigated approaches.

3.4. Zero-Emission Building (ZEB) Target Attainment

A ZEB is a building that avoids GHG emissions as much as possible, especially GHGs
derived from fossil fuels, and compensates any remaining emissions through on-site renew-
able energy production. The emission factor of the electric energy grid (0.445 kgCO2-eq/kWh)
is used to evaluate the emissions related to the building operation. A rooftop PV system
is introduced to provide the on-site production of renewable energy to compensate for
the operational GHG emissions of the building. Rooftop PV systems are one of the most
utilised means to increase renewable energy production in urban contexts [111].

The size of PV system capable of fully compensating for the operational emissions of
a building is evaluated under the different ventilation scenarios. The impact of increased
ventilation rates on the achievement of the ZEB target is expressed in terms of the variation
in economic expenditures to provide an adequate renewable energy production system.

The annual production of a PV system was calculated for the studied locality, using
PVGIS, an online tool that provides accurate data of solar radiation from satellite observa-
tions. The accuracy of these data in providing a trustworthy forecast of PV production has
been verified by several studies [112,113].

The peak power of the PV system (PPV) is determined through compensating GHG
emissions (EC) with the renewable energy produced by a PV system of 1 kWp power in the
chosen locality, as follows:

PPV =
E

EC
(6)

where:

PPV : size of the PV system [kWp];
E: annual operational GHG emissions of the building–plant system [kgCO2-eq];
EC: annual compensated GHG emissions by PV renewable energy generated in loco with a
system of unitary power (1 kWp) [kgCO2-eq/kWp].

Equation (6) allows the balance between the GHG emissions of the building–plant
system and the GHG emissions avoided by using renewable energy sources (RES) to be
equal to zero, meeting the ZEB target on annual basis.



Energies 2024, 17, 2769 9 of 34

4. Case Study
4.1. Locality and Climate

The case study concerns the new construction of a kindergarten school building located
in Fondi (province of Latina, Central Italy). Table 1 reports the main geographic data of this
locality. The climate is characterised by mild winters and hot summer. According to Koppen
classification [114], Fondi is classified in climatic zone C (mild temperate climates, monthly
average temperature of the warmest month equal or greater than 10 ◦C, monthly average
temperature of the coldest month ranging from −3 ◦C to 18 ◦C), and sub-classification Csa
(hot summer Mediterranean climate). According to the Italian Presidential Decree DPR
412/93 [115], Fondi is characterised by 1089 heating degree days and is classified in zone C.

Table 1. Main geographic data of the locality of Fondi (province of Latina, Central Italy).

Description Value Measure Unit

Altitude 8 m
Latitude 41◦21′00′ ′ N -
Longitude 13◦25′00′ ′ E -
Koppen classification C -
Italian climatic zone (DPR
412/93 [115]) C -

Heating degree days 1089 HDD

4.2. Building Characteristics and Energy Model

The analysed building is a school that will be built in the expansion area of the city. It
has two levels above ground, a total usable area of 1820 m2, and a net volume of 6150 m3.
Other main building features are reported in Table 2.

Table 2. Main building features of the case study building.

Description Value Measure Unit

Total number of floors 2 -
Net floor area 1820 m2

Net volume 6150 m3

External wall area 750 m2

Window area 490 m2

Air infiltration, 50 Pa 0.05 h−1

Window-to-wall ratio (WWR) 40 %

The thermal transmittances of the opaque and glazed envelope elements are shown
in Table 3. Windows are made by medium quality PVC frames and argon-filled double
glazing. As can be deduced by the comparison with limit values reported in the Italian
Ministerial Decree DM 26.06.2015 [116] for the climatic zone C (DPR 412/93 [115]), the
building envelope has been designed to comply with the present Italian legislation on
energy efficiency of buildings.

Table 3. Thermal transmittance of building envelope components and limit values [109].

Building Envelope
Component Thermal Transmittance Thermal Transmittance

Limit Value

W/(m2K) W/(m2K)

Floor 0.27 0.38
Roof 0.26 0.33
Wall 0.19 0.34

Windows 1.70 2.20



Energies 2024, 17, 2769 10 of 34

Building plans are reported in Figure 2, indicating of the intended use of the rooms.
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Figure 2. Plans of the school building: ground and first floors.

The characteristics of the building envelope and details on the building–plant system
were obtained from the project data. Design data are input into the dynamic simula-
tion software DesignBuilder to simulate and analyse the thermal behaviour and energy
consumption of the building (Figure 3).

The heating system consists of radiant floor panels linked to electric air-to-water heat
pumps. There is no cooling in summer; domestic hot water (DHW) is obtained by means of
a dedicated electric air-to-water heat pump. There is also a mechanical ventilation system
providing heat recovery with 85% efficiency.

According to Italian regulatory requirements, the operation period of the heating
system for the C climatic zone is set from 15 November to 31 March, for a limited number
of hours equal to 10 per day (07:00–17:00, Monday–Friday). The heat generators are two
air-to-water heat pumps, with a total rated capacity of 160 kW. The distribution of the water
is provided by insulated copper pipes, located within the building volume.

Supply external air flow rate is varied in the study according to the analysed ventilation
scenarios. The main characteristics of the heating, ventilation, and the DHW systems are
reported in Table 4. The case study building is analysed using the five ventilation strategies
defined in section “Methodology”, highlighting their suitability in reducing the risk of
virus infection and related operational energy consumption and GHG emissions.
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Table 4. Main features of the heating, ventilation, and DHW systems.

Service Description Value Measure Unit

Heating

System Hydronic radiant panels -
System type Hydronic -
Generation Two electric air-to-water heat pumps -

Heating capacity (rating conditions) 160 kW
COP (rating conditions) 3.80 -

Distribution Centralised -
Distribution efficiency 0.98 -

Emission Radiant floor -
Emission efficiency 0.99 -

Control system Modulating -
Indoor air temperature/RH set-point 20/50 ◦C/%

System availability 07:00–17:00 Monday–Friday
15 November–31 March -

Cooling Not present

DHW

System Dedicated electric air-to-water heat pump
with 300 L storage tank -

Generation Dedicated electric air-to-water heat pump -
Capacity (rating conditions) 12 kW

COP (rating conditions) 3.50 -
Distribution Centralised -

Distribution efficiency 0.99 -

System availability 07:00–17:00 Monday–Friday
All year -

Mechanical
Ventilation

Supply external air flow rate Variable L/s or h−1

Fan power 10 kW
SFP (specific fan power) 832 W/(m3/s)

Heat recovery Crossflow -
Heat recovery efficiency 0.85 -

System availability 07:00–17:00 Monday–Friday
All year -
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4.3. Characteristics of the PV System for the ZEB Target Attainment

The case study building must reach the ZEB target, and this requires an extensive
amount of energy produced from RES. Thus, the PV system features and design param-
eters are reported herein. For the evaluation of the ZEB target attainment under all the
investigated scenarios, an annual comparison of GHG emissions of the building–plant
system and saved emissions due to the production from RES is performed to guarantee total
compensation. The installed peak power of the PV system is determined using Equation (6)
for all the ventilation scenarios. The monocrystalline silicon PV modules of rated peak
power equal to 400 Wp laid on a light metal support structure were utilised for system
deployment. The costs of the PV system components were retrieved from Italian price lists
for public works, which are up-to-date sources for economic estimations.

An emission factor of the electric energy grid equal to 0.445 kgCO2-eq/kWh was used
to evaluate the emissions related to the building operation and saved emissions due to
PV electric energy production. The energy produced by a PV system of 1.0 kWp in the
locality of Fondi is equal to 1503 kWh/kWp, according to PVGIS. This value is equivalent
to 669 kgCO2-eq, assuming that the produced energy would have had to be taken from the
public electric energy grid if the PV system had not been present. The PV system faces
south with an optimal tilt angle of 35◦.

5. Results and Discussion

This section reports the results obtained from the analysis of the different ventilation
rate design methods and provides a comparison with the outcomes of the proposed new
tailored approach. The impact of IAQ optimisation on ZEB target attainment is also shown.

The risk of infection is calculated using the Wells–Riley model, obtaining the charac-
teristic curves for all the building rooms, as shown in Figure 4. These curves are used in the
following section to highlight the study outcomes under the different ventilation scenarios.

Energies 2024, 17, x FOR PEER REVIEW 13 of 36 
 

 

 
Figure 4. Characteristic curves of the building rooms describing the relationship between outdoor 
ACH and risk of virus infection, obtained using the Wells–Riley model. 

5.1. Italian Ministerial Decree Approach (IMD Approach) 
The approach of the Italian Ministerial Decree 18.12.1975 considers two fixed values 

of outdoor ACH, depending on the intended use of the room, i.e., 2.5 ACH and 1.5 ACH. 
The results were obtained from the application of the Wells–Riley model to the building-
HVAC system, configured to provide these ventilation rates, which are reported in Figure 
5. Points corresponding to the operative condition for each room are highlighted in red. 
In Table 5, the values of outdoor air volumetric flow rate and infection risk R attained by 
applying this approach are reported for each room of the school building. 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Ai
r c

ha
ng

e 
ra

te
 (A

CH
) r

n 
[h

-1
]

Risk of infection R

Classroom 1

Classroom 2

Classroom 3

Classroom 4

Classroom 5

Classroom 6

Classroom 7

Kitchen

Canteen

Relax area

Boardroom

Office 1

Office 2

Office 3

Medical room

Hallway

Laundry

Figure 4. Characteristic curves of the building rooms describing the relationship between outdoor
ACH and risk of virus infection, obtained using the Wells–Riley model.
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5.1. Italian Ministerial Decree Approach (IMD Approach)

The approach of the Italian Ministerial Decree 18.12.1975 considers two fixed values of
outdoor ACH, depending on the intended use of the room, i.e., 2.5 ACH and 1.5 ACH. The
results were obtained from the application of the Wells–Riley model to the building-HVAC
system, configured to provide these ventilation rates, which are reported in Figure 5. Points
corresponding to the operative condition for each room are highlighted in red. In Table 5,
the values of outdoor air volumetric flow rate and infection risk R attained by applying
this approach are reported for each room of the school building.
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Figure 5. Risk of virus infection as a function of ACH in building rooms, according to the requirements
of the Italian Ministerial Decree 18.12.1975.

From these results, it can be observed that the minimum risk of infection is in the
hallway (1%). An acceptable risk of infection equal to 10% is present in classrooms. Higher
values of infection risk occur in the remaining rooms, ranging from a minimum of 21%
in the medical room to a maximum of 70% in Office 2. Offices, the boardroom, and the
relaxing area are the most critical zones for infection diffusion. Even though classrooms
have a relatively low value of infection risk, with this IMD approach, many other rooms
show high or very high risk. Therefore, infection risk levels are very variable between
different room types and are substantially uncontrolled by the building’s HVAC plant
system designer.

The results of the annual dynamic energy simulations of the building’s HVAC plant
system performed with DesignBuilder are shown in Figure 6. A total electric energy
consumption equal to 20,086 kWh (11.04 kWh/m2) per year is obtained when using the
IMD approach. These are the values of electric energy consumed for:

- building appliances: 3023 kWh per year or 1.66 kWh/m2 per year;
- artificial lighting: 9774 kWh per year or 5.37 kWh/m2 per year;
- DHW: 1000 kWh per year or 0.55 kWh/m2 per year;
- heating + mechanical ventilation: 6289 kWh per year or 3.46 kWh/m2 per year.
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Table 5. Ventilation rates are calculated according to the Italian Ministerial Decree approach and risk
of infection.

# Room Volume Number
of Occupants Outdoor Air Volume Risk of

Infection

m3 L/s m3/h h−1 %

1 Classroom 1 472.9 36 333 1200 2.5 10

2 Classroom 2 453.3 34 315 1133 2.5 10

3 Classroom 3 453.3 34 315 1133 2.5 10

4 Classroom 4 453.3 34 315 1133 2.5 10

5 Classroom 5 451.1 34 315 1133 2.5 10

6 Classroom 6 453.3 34 315 1133 2.5 10

7 Classroom 7 464.2 35 324 1167 2.5 10

8 Kitchen 57.5 2 38 138 2.5 28

9 Canteen 362.6 53 252 907 2.5 3

10 Relaxing area 122.4 8 51 184 1.5 50

11 Boardroom 81.2 6 33 120 1.5 64

12 Office 1 120.9 4 50 180 1.5 50

13 Office 2 68.8 2 27 98 1.5 70

14 Office 3 74.7 2 30 108 1.5 67

15 Medical room 44.8 2 19 68 1.5 21

16 Hallway 895.5 25 373 1343 1.5 1

17 Laundry 32 2 13 48 1.5 28
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Figure 6. Annual electric energy consumption using the values of outdoor ACH based on the Italian
Ministerial Decree 18.12.1975. Note: In this figure and in the following figures related to energy
consumption, the energy for heating also includes that for mechanical ventilation. This is also valid
for the text of the article.
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Considering the emission factors of the Italian electric energy grid (0.445 kgCO2-eq/kWh),
the total building operational GHG emissions related to this scenario are equal to
8938 kgCO2-eq (4.91 kgCO2eq/m2) per year.

5.2. World Health Organization Approach (WHO Approach)

In order to reduce the risk of virus infection, the WHO recommends a minimum
ventilation flow of 10 L/s per person in non-residential buildings. The ventilation rate
(ACH) of each room is then calculated, considering the respective number of occupants.
Figure 7 provides an overview of Wells–Riley method application to this ventilation rate
design approach. Points corresponding to the operative condition for each room are
highlighted in red. Outdoor air volumetric flow rates and related infection risk results
obtained from the application of the Wells–Riley model are reported in Table 6.
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Figure 7. Risk of virus infection as a function of ACH in building rooms, utilising the WHO approach.

It is also observed that, with this approach, a 10% virus infection risk is present in
classrooms, i.e., outdoor air volumetric flow rates for these rooms are very similar to the ones
obtained using the Italian Ministerial Decree (IMD) approach. The lowest risk of infection,
equal to 2%, is present in the hallway. The maximum risk of infection at 82% is observed in
Office 3, followed by Office 2 at 81% and Office 1 at 73%. Values ranging from 19% to 47%
are found in other rooms. Ultimately, the WHO approach leads to low infection risk values
in classrooms but very high ones in other rooms, especially in offices, which is similar to the
IMD approach. Also, in this case, infection risk levels fluctuate drastically between different
rooms and beyond the control of the building’s HVAC plant system design.

The annual electric energy consumption is also calculated using the WHO approach,
and results are shown in Figure 8. A total electric energy consumption equal to 21,037 kWh
(11.57 kWh/m2) per year is obtained using the WHO approach. Electric energy used for
room appliances, lighting, and DHW is not affected by the change in ventilation rates, while
that for heating accounts for 7239 kWh (3.98 kWh/m2) per year. Total energy consumption,
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in this case, slightly exceeds the consumption obtained with the IMD approach. The same
occurs for total building operational GHG emissions related to this scenario, equal to
9361 kgCO2-eq (5.15 kgCO2-eq/m2) per year.

Table 6. Ventilation rates calculated according to the WHO approach and risk of infection.

# Room Volume Number
of Occupants Outdoor Airflow Volume Risk of

Infection

m3 L/s m3/h h−1 %

1 Classroom 1 472.9 36 360 1296 2.7 10

2 Classroom 2 453.3 34 340 1224 2.7 10

3 Classroom 3 453.3 34 340 1224 2.7 10

4 Classroom 4 453.3 34 340 1224 2.7 10

5 Classroom 5 451.1 34 340 1224 2.7 10

6 Classroom 6 453.3 34 340 1224 2.7 10

7 Classroom 7 464.2 35 350 1260 2.7 10

8 Kitchen 57.5 2 20 72 1.3 47

9 Canteen 362.6 53 530 1908 5.3 2

10 Relaxing area 122.4 8 80 288 2.4 35

11 Boardroom 81.2 6 60 216 2.7 32

12 Office 1 120.9 4 40 144 1.2 73

13 Office 2 68.8 2 20 72 1.1 81

14 Office 3 74.7 2 20 72 1.0 82

15 Medical room 44.8 2 20 72 1.6 20

16 Hallway 895.5 25 250 900 1.0 2

17 Laundry 32 2 20 72 2.3 19
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Figure 8. Annual electric energy consumption utilising the WHO approach.
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5.3. American Centers for Disease Control and Prevention Approach (ACDCP Approach)

According to the approach recommended by the ACDCP, a constant value of five
outdoor ACH should be considered for every room in the building. Figure 9 displays an
overview of Wells–Riley method outcomes derived from the application of this method
in determining outdoor ACH for rooms in the building and the resulting values of virus
infection risk. Points corresponding to the operative condition for each room using the
ACDCP approach are highlighted in red. The results are obtained from the application of
the Wells–Riley model to the building’s HVAC plant system configured to provide five
ACH in every room, according to the ACDCP, which are reported in Tables 6 and 7.
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Figure 9. Risk of virus infection as a function of the ACH in the building’s rooms utilising the ACDCP
approach.

Using the ACDCP approach, the risk of infection in classrooms is 5%. The hallway
has a risk almost equal to 0. The highest risk is seen in Office 2 (30%), followed by Office
3 (28%), and the boardroom (26%). Other rooms exhibit an infection risk between 7%
(medical room) and 19% (relaxing area and Office 1). Even in this case, the values of the
infection risk, despite being significantly lower compared to the previous approaches, show
inconstant behaviour across the different rooms.

Figure 10 shows the results of the annual dynamic energy simulation for the cur-
rently analysed approach. A total electric energy consumption equal to 29,650 kWh
(16.30 kWh/m2) per year is obtained utilising the ACDCP approach. The electric energy
used for room appliances, lighting, and DHW is not affected by the change in ventilation
rates, while that for heating accounts for 15,853 kWh (8.72 kWh/m2) per year, approxi-
matively double compared to the values in the IMD and WHO approaches. Also, total
building operational GHG emissions related to this scenario increased significantly, up to
13,194 kgCO2-eq (7.25 kgCO2-eq/m2) per year.
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Table 7. Ventilation rates calculated according to the ACDCP approach and risk of infection.

# Room Volume Number of Occupants Outdoor Airflow Volume Risk of Infection

m3 L/s m3/h h−1 %

1 Classroom 1 472.9 36 657 2365 5 5

2 Classroom 2 453.3 34 629 2266 5 5

3 Classroom 3 453.3 34 629 2266 5 5

4 Classroom 4 453.3 34 629 2266 5 5

5 Classroom 5 451.1 34 629 2256 5 5

6 Classroom 6 453.3 34 629 2266 5 5

7 Classroom 7 464.2 35 645 2321 5 5

8 Kitchen 57.5 2 80 287 5 15

9 Canteen 362.6 53 504 1813 5 2

10 Relaxing area 122.4 8 170 612 5 19

11 Boardroom 81.2 6 113 406 5 26

12 Office 1 120.9 4 168 604 5 19

13 Office 2 68.8 2 96 344 5 30

14 Office 3 74.7 2 104 373 5 28

15 Medical room 44.8 2 62 224 5 7

16 Hallway 895.5 25 1244 4478 5 ~ 0

17 Laundry 32 2 44 160 5 9
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Figure 10. Annual electric energy consumption utilising the ACDCP approach (five ACH).

5.4. Gradual Increase in Ventilation Approach (Parametric Analysis)

The impact of increasing the values of outdoor ACH is investigated by simulating
10 different scenarios of building ventilation, moving from one ACH to ten ACH. In each
scenario, the number of ACH is considered equal in every room of the school building.

The results obtained from the application of the Wells–Riley model in all 10 ACH
scenarios are shown in Table 8.
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Table 8. Outdoor air volumetric flow rate and risk of infection for each room in the case of a gradual increase in ventilation rate (expressed in ACH).

# Room Volume Number of Occupants 1 ACH 2 ACH 3 ACH 4 ACH 5 ACH 6 ACH 7 ACH 8 ACH 9 ACH 10 ACH
A B A B A B A B A B A B A B A B A B A B

m3 m3/h % m3/h % m3/h % m3/h % m3/h % m3/h % m3/h % m3/h % m3/h % m3/h %

1 Classroom 1 472.9 36 473 23 946 12 1419 9 1892 6 2365 5 2838 4 3310 4 3783 3 4256 3 4729 3
2 Classroom 2 453.3 34 453 24 907 13 1360 9 1813 7 2266 5 2720 5 3173 4 3626 3 4079 3 4533 3
3 Classroom 3 453.3 34 453 24 907 13 1360 9 1813 7 2266 5 2720 5 3173 4 3626 3 4079 3 4533 3
4 Classroom 4 453.3 34 453 24 907 13 1360 9 1813 7 2266 5 2720 5 3173 4 3626 3 4079 3 4533 3
5 Classroom 5 451.1 34 451 24 902 13 1354 9 1805 7 2256 5 2707 5 3158 4 3610 3 4061 3 4512 3
6 Classroom 6 453.3 34 453 24 907 13 1360 9 1813 7 2266 5 2720 5 3173 4 3626 3 4079 3 4533 3
7 Classroom 7 464.2 35 464 24 928 13 1393 9 1857 7 2321 5 2785 4 3250 4 3714 3 4178 3 4642 3
8 Kitchen 57.5 2 57 56 115 34 172 24 230 19 287 15 345 13 402 11 460 10 517 9 575 8
9 Canteen 362.6 53 363 8 725 4 1088 3 1450 2 1813 2 2176 1 2538 1 2901 1 3263 1 3626 1

10 Relaxing area 122.4 8 122 64 245 40 367 29 490 23 612 19 734 16 857 14 979 12 1102 11 1224 10
11 Boardroom 81.2 6 81 79 162 54 244 40 325 32 406 26 487 23 568 20 649 18 731 16 812 14
12 Office 1 120.9 4 121 65 242 41 363 29 483 23 604 19 725 16 846 14 967 12 1088 11 1209 10
13 Office 2 68.8 2 69 84 138 60 206 46 275 37 344 30 413 26 482 23 551 20 619 18 688 17
14 Office 3 74.7 2 75 82 149 57 224 43 299 34 373 28 448 25 523 21 598 19 672 17 747 16
15 Medical room 44.8 2 45 30 90 16 134 11 179 8 224 7 269 6 314 5 359 4 403 4 448 3
16 Hallway 895.5 25 896 2 1791 1 2687 1 3582 ~0 4478 ~0 5373 ~0 6269 ~0 7164 ~0 8060 ~0 8955 ~0
17 Laundry 32 2 32 39 64 22 96 15 128 12 160 9 192 8 224 7 256 6 288 5 320 5

A: outdoor air volumetric flow rate; B: risk of infection.
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When analysing the results reported in Table 8 but also the curves of Figure 4, it can
be observed that for ventilation rates lower than five to six ACH, significant differences in
infection risk are present from one scenario to the next. However, increasing the ventilation
rate over this boundary leads to only slightly lower risks of infection. This confirms the
results of similar studies [117] and parametric analyses [27]. It is also observed that even
with 10 ACH, the maximum risk of virus infection is still equal to 16–17% in some rooms
(Office 3 and Office 2). Furthermore, attaining uniformity of infection risk in all rooms
is still a long way off. This demonstrates that gradually increasing ventilation rates in
a building’s rooms does not represent an optimal ventilation strategy from the point of
view of infection risk control, and this is confirmed by observing the results of dynamic
energy simulations performed for the 10 scenarios. The annual electric energy consumption
is calculated for the 10 scenarios and results are reported in Figure 11. It is observed that
electric energy consumption of the building increases linearly with ventilation rates from a
minimum of 9.60 kWh/m2 per year in the case of one ACH to a maximum of 26.26 kWh/m2

per year in the case of ten ACH. Similarly, GHG emissions change from 4.27 kgCO2-eq/m2 to
11.69 kgCO2-eq/m2 per year. This variation is due to the increase in electric energy related to the
heating + mechanical ventilation service, which moves from 2.02 kWh/m2 to 18.67 kWh/m2,
significantly influencing the GHG operational emissions of the building’s HVAC plant system.
Considering total electric energy consumption and operational GHG emissions (47,757 kWh
and 21,252 kgCO2-eq per year, respectively, in the 10 ACH scenario), the gradual increase in
ventilation rate approach also has some drawbacks from this point of view.
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Figure 11. Annual electric energy consumption for the 10 analysed ACH scenarios.

As can be seen from these results, increasing the outdoor ACH does not control
the infection risk and can result in very high energy consumption and operational GHG
emissions, while still leaving medium–high infection risk in certain rooms. This highlights
the need for a new tailored approach, which is proposed in the following section.

5.5. New Tailored Approach (Controlled Maximum Infection Risk in All Rooms)

The proposed approach allows the maximum attainable risk to be set in all rooms and
derives the related outdoor air volumetric flow rate using the Wells–Riley model. It allows
us to “tailor” the ventilation rate to the specific infection risk for each room. An acceptable
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risk is not univocally definable but should instead be evaluated on a case-by-case basis. For
this reason, the present study applies the proposed approach and utilises three infection
risk thresholds of 20%, 15% and 10%. From each of these three risk values, the outdoor air
flow rate (expressed in vol/h) is derived in order to attain a controlled and uniform risk in
each room. An overview of the results of this analysis is shown in Figure 12.
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Figure 12. Outdoor ACH in rooms of the building as a function of a risk of infection equal to: (a) 20%;
(b) 15%; (c) 10%.

Outdoor air volumetric flow rates for each room are calculated, and the results for
20%, 15%, and 10% infection risks are reported in Tables 9–11, respectively.
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Table 9. Ventilation rates calculated to a maximum infection risk of 20%.

# Room Volume Number
of Occupants Outdoor Airflow Volume Risk of

Infection

m3 L/s m3/h h−1 %

1 Classroom 1 472.9 36 157 567 1.2 20

2 Classroom 2 453.3 34 151 544 1.2 20

3 Classroom 3 453.3 34 151 544 1.2 20

4 Classroom 4 453.3 34 151 544 1.2 20

5 Classroom 5 451.1 34 151 544 1.2 20

6 Classroom 6 453.3 34 151 544 1.2 20

7 Classroom 7 464.2 35 155 557 1.2 20

8 Kitchen 57.5 2 56 201 3.5 20

9 Canteen 362.6 53 40 145 0.4 20

10 Relaxing area 122.4 8 156 563 4.5 20

11 Boardroom 81.2 6 149 536 6.6 20

12 Office 1 120.9 4 151 544 4.6 20

13 Office 2 68.8 2 149 537 7.8 20

14 Office 3 74.7 2 149 538 7.2 20

15 Medical room 44.8 2 19 67 1.5 20

16 Hallway 895.5 25 25 90 0.1 20

17 Laundry 32 2 19 70 2.2 20

Table 10. Ventilation rates calculated to a maximum infection risk of 15%.

# Room Volume Number
of Occupants Outdoor Airflow Volume Risk of

Infection

m3 L/s m3/h h−1 %

1 Classroom 1 472.9 36 197 709 1.5 15

2 Classroom 2 453.3 34 189 680 1.5 15

3 Classroom 3 453.3 34 189 680 1.5 15

4 Classroom 4 453.3 34 189 680 1.5 15

5 Classroom 5 451.1 34 189 680 1.5 15

6 Classroom 6 453.3 34 189 680 1.5 15

7 Classroom 7 464.2 35 193 696 1.5 15

8 Kitchen 57.5 2 75 270 4.8 15

9 Canteen 362.6 53 50 181 0.5 15

10 Relaxing area 122.4 8 214 771 6.0 15

11 Boardroom 81.2 6 216 788 9.8 15

12 Office 1 120.9 4 201 725 6.1 15

13 Office 2 68.8 2 216 777 10.6 15

14 Office 3 74.7 2 199 717 9.0 15

15 Medical room 44.8 2 25 90 2.0 15

16 Hallway 895.5 25 25 90 0.1 15

17 Laundry 32 2 27 96 2.8 15
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Table 11. Ventilation rates calculated to a maximum infection risk of 10%.

# Room Volume Number
of Occupants Outdoor Airflow Volume Risk of

Infection

m3 L/s m3/h h−1 %

1 Classroom 1 472.9 36 302 1088 2.3 10

2 Classroom 2 453.3 34 290 1043 2.3 10

3 Classroom 3 453.3 34 290 1043 2.3 10

4 Classroom 4 453.3 34 290 1043 2.3 10

5 Classroom 5 451.1 34 288 1038 2.3 10

6 Classroom 6 453.3 34 290 1043 2.3 10

7 Classroom 7 464.2 35 290 1043 2.3 10

8 Kitchen 57.5 2 117 420 7.3 10

9 Canteen 362.6 53 81 290 0.8 10

10 Relaxing area 122.4 8 333 1200 9.0 10

11 Boardroom 81.2 6 334 1202 13.5 10

12 Office 1 120.9 4 312 1124 9.1 10

13 Office 2 68.8 2 332 1197 16.0 10

14 Office 3 74.7 2 332 1195 14.8 10

15 Medical room 44.8 2 39 139 3.1 10

16 Hallway 895.5 25 50 179 0.2 10

17 Laundry 32 2 19 70 4.3 10

In cases of 20% infection risk, it was noted that the resulting outdoor ACH values
vary from 0.1 h−1 in the hallway to 7.8 h−1 in Office 2. A value of 1.2 h−1 is obtained in
classrooms. According to these results, Office 2 is the most critical room and requires the
highest air change rate to lower the risk to just 20%.

In cases of a 15% infection risk, it was noted that outdoor ACH values vary from
0.1 h−1 in hallway to 10.6 h−1 in Office 2. Classrooms need a ventilation rate equal to
1.5 h−1, while other rooms exhibit intermediate values.

In cases of a 10% infection risk, it was noted that outdoor ACH values vary from
0.2 h−1 in the hallway to 16.0 h−1 in Office 2. Classrooms need a ventilation rate equal to
2.3 ACH, while other rooms exhibit intermediate values. Outdoor ACH for Offices 2 and 3
are much higher than 10 h−1 and, therefore, require special attention in the air inlet design
to avoid excessive air velocity.

The dynamic energy simulations of the building’s HVAC plant system were performed
considering outdoor ACH obtained in the three risk scenarios for the different rooms. The
annual electric energy consumption of the building–plant system for infection risk scenarios
of 20%, 15%, and 10% was calculated and is reported in Figure 13.

Electric energy consumption due to heating service ranges from 4.12 kWh/m2 or
7498 kWh per year in the case of a 20% risk of infection to 4.68 kWh/m2 or 8518 kWh in the
case of a 10% risk of infection. Total electric energy consumption varies accordingly from
11.70 kWh/m2 or 21,294 kWh per year to 12.27 kWh/m2 or 22,331 kWh per year. These
values correspond to operational GHG emissions of the building equal to 5.21 kgCO2-eq/m2

or 9482 kgCO2-eq per year and 5.46 kgCO2-eq/m2 or 9937 kgCO2-eq per year. These values
are comparable to the ones obtained in IMD and WHO approaches but the infection risk is
lower and is controlled by the design.

It is outside the scope of this article to define an acceptable value for infection risk.
Therefore, this investigation limits the risk to 10% (this is the lowest attained in classrooms
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when applying the IMD and WHO approaches). In future studies, finding an acceptable
value of virus infection risk may be pursued.
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Figure 13. Total annual electric energy consumption using the tailored approach scenario for a 20%,
15%, and 10% risk of virus infection.

5.6. Comparison of the Analysed Approaches

This section compares the five approaches analysed to optimize IAQ and reduce the
risk of infection in the case study school building, taking as a reference the results obtained
with the IMD approach, which is currently in force in Italy.

In Figure 14, the total electric energy consumption of the building–plant system and the
maximum risk of virus infection attained in the rooms are shown, moving from the ventilation
approach with lower energy consumption (one ACH) to the more intensive one (ten ACH).
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Figure 14. Comparative graph of electric energy consumption and maximum infection risk for the
analysed ventilation rate design strategies.
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The percentage variation of both the total electric energy consumption and the maxi-
mum risk of virus infection attained with each analysed ventilation rate design approach is
calculated with respect to the IMD approach and shown in Figure 15. The results of the
approaches from lower energy consumption (one ACH) to the more intensive consumption
(ten ACH) are reported.
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Figure 15. Annual electric energy consumption percentage variation and maximum infection risk
percentage variation for different ventilation rate approaches, compared to the IMD approach.

Considering these outcomes, the IMD and WHO approaches are among the least
energy intensive ones. Total electric energy consumption related to the WHO approach
(10 L/s per person) is approximately equal to that obtained with the IMD. However, the
maximum risk of virus infection is very high, reaching 70% and 82%, respectively, in the
most disadvantaged rooms.

Maximum infection risk significantly decreases when considering higher ACH values,
but electric energy consumption shows an increasing trend that reaches the maximum
percentage difference (+138%) in the case of 10 ACH, as reported in Figure 15.

On the other hand, regarding the proposed tailored approach, Figure 14 shows that
the target values of the maximum 20–15–10% risks are attained with limited increases in
energy consumption (6–9–11%) compared to the traditional IMD and WHO approaches.

Comparing the percentage variations of electric energy consumption and maximum
infection risk attained in the rooms, the following conclusions can be drawn. Using the
proposed tailored approach, compared to IMD approach, the maximum infection risk
is reduced by 71% when using the 20% risk approach, by 79% when using 15% risk
approach, and by 86% when using the 10% risk approach, with an increase in electric
energy consumption of 6%, 9%, and 11%, respectively. A comparable maximum infection
risk reduction is obtained with the gradual ventilation increase approach, but involving
energy consumption increments higher than 100% compared to the IMD approach. This
increase exceeds 50% when considering a ventilation rate higher than five ACH and reaches
up to 138% in the case of ten ACH.
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Therefore, the proposed tailored approach results in the substantial improvement
of IAQ and reduction in virus infection risk with limited increases in operational energy
consumption and related GHG emissions.

Furthermore, due to the small differences in energy consumption between the three
risk scenarios, the one entailing the 10% risk can be selected as the optimal one, since
it results in minimum risk values compared to IMD and WHO approaches, with much
lower maximum risk values and comparable energy consumption and GHG emissions
(an 11% increase compared to the IMD approach and a 6% increase compared to the
WHO approach).

These findings indicate variability in results across individual rooms when using
traditional approaches that may end in uncontrolled and unequal risk values across rooms
with different intended uses and dimensions. Indeed, these approaches do not consider
boundary conditions like room volume and occupancy level. On the other hand, the levels
of infection risk using the proposed tailored approach are uniform across the different
rooms and are controlled due to the implementation of the WRM.

Figure 16 depicts a graphic overview of the comparison between the five analysed ap-
proaches.
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5.7. ZEB Target Attainment

As confirmed by the analysis provided in this study, IAQ optimisation may have
a strong impact on the energy consumption of a building. In the parametric approach,
gradually increasing ACH increased energy consumption to up to 138%, compared to
existing guidelines and regulations. This results in higher operational GHG emissions
being limited by using the new proposed tailored method for the ventilation rate design.

In order to reach the ZEB target, a suitable PV system is required for the analysed
school building. Table 12 reports the economic analysis of PV systems required for the
attainment of the ZEB target for the five analysed ventilation rate approaches.

In the first scenario, i.e., the IMD approach, the PV peak power that has to be installed
to match the GHG emissions of the school building (8938 kgCO2-eq per year) with its PV
electric energy production, assuming the annual emission balance is equal to 13.6 kWp
(34 PV modules of 400 Wp rated power) with overall expenditures of 22,680 EUR. The
WHO approach requires a slightly larger system, with a rated peak power of 14.0 kWp
to offset 9361 kgCO2-eq per year. The cost does not differ much from the one obtained
with the IMD approach. A greater difference is observed with the ACDCP approach that
requires a 20.0 kWp PV system, costing 32,700 EUR and compensating for 13,194 kgCO2-eq
per year. Maximum expenditures are required in the case of 10 ACH, with a 32.0 kWp PV
system that costs 51,400 EUR and compensates for 21,252 kgCO2-eq per year. Lastly, the new
tailored approach that considers a 10% risk causes an amount of GHG emissions equal to
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9937 kgCO2-eq per year and requires a 15.2 kWp PV system to reach the ZEB target, with an
economic expenditure of 25,260 EUR.

Table 12. Cost analysis of the PV systems required for NZEB target attainment.

Ventilation Rate Compensated
GHG Emission PV System Power System Components Cost Total Cost

kgCO2-eq per Year kWp EUR EUR

IMD
approach 8938 13.6

N◦34 modules 8500

22,680
Inverter 3300

Support structure (68 m2) 4080
Design and installation 6800

WHO approach 9361 14.0

N◦35 modules 8750

23,250
Inverter 3300

Support structure (70 m2) 4200
Design and installation 7000

ACDCP approach 13,194 20.0

N◦50 modules 12,500

32,700
Inverter 4200

Support structure (100 m2) 6000
Design and installation 10,000

Gradual
ventilation

increment (case of
10 ACH)

21,252 32.0

N◦80 modules 20,000

51,400
Inverter 4800

Support structure (160 m2) 9600
Design and installation 17,000

Tailored approach
(case of 10% risk) 9937 15.2

N◦38 modules 9500

25,260
Inverter 3600

Support structure (76 m2) 4560
Design and installation 7600

Considering these results, the 10% risk tailored approach provides uniform and low
values of maximum infection risk, requiring only slightly higher economic expenditures to
attain the NZEB target, compared to the IMD and WHO approaches. Also compared to
the ten ACH and five ACH (ACDCP) ventilation rate approaches, the tailored approach
performs better from a financial point of view with −51% and −23% costs for the offset of
GHG emissions, respectively.

Lastly, it must be said that avoiding GHG emissions should always be considered
better than offsetting them. For this reason, using a tailored approach to evaluate ventilation
rates of the building’s HVAC plant system for IAQ optimisation and infection risk reduction
can be considered a more sustainable choice.

5.8. Application, Challenges, and Costs

The innovative tailored proposed approach can be applied for determining the most
suitable ventilation strategy to be utilised in the design of HVAC systems during all the
stages of project development. In this way, the optimal values of outdoor ACH in the
different school building rooms can be obtained to reduce the risk of infection with limited
increases in energy consumption and greenhouse gas emissions.

It is also true that this method is based on complete and ideal air mixing and does
not consider the actual configuration of spaces and air supply and extraction devices.
Therefore, in the final phase of the project, CFD simulations could be used to verify the
most convenient position of air inlets and outlets. Despite the presence of this drawback,
the main advantage of the proposed method is the possibility of attaining an accurate
estimate of ventilation rates, based on few input variables. One of the main challenges of
the proposed method is the determination of the acceptable risk level to be used in order to
calculate the minimum ventilation rate. Since a risk level equal to zero is not achievable,
this should be evaluated on a case-by-case basis.
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Costs related to the application of this methodology are referred to the development of
a tool that allows practitioners to perform the calculations. However, the proposed method
is much cheaper than a CFD simulation, that, instead, requires considerable user expertise
and higher costs.

Compared to the other approaches analysed in this paper for ventilation rate esti-
mation (IMD, WHO, ACDCP), in Figure 14, it can be seen that the user achieves higher
cost/benefit ratios when using the tailored proposed approach due to comparable or lower
energy expenses but much lower infection risk values. Furthermore, costs related to air han-
dling units and air distribution systems are lower with respect to the ACDCP approach (due
to lower outdoor ACH values), while they are comparable to IMD and WHO approaches
(due to similar outdoor ACH).

Potential barriers related to the application of the proposed approach are only related to:

- The increase in the outdoor ACH (and therefore the increase in the size of the air
handling units and air distribution systems) and related energy consumption, but this
barrier is common to all the approaches that rely on the increasing of outdoor ACH in
the post-COVID-19 era;

- The development and implementation of a specific commercial software for practitioners.

6. Conclusions

This paper aims to introduce a new tailored approach for determining the most
suitable ventilation strategy to be utilised in the design of HVAC systems during all the
stages of project development. The focus is on optimising IAQ in several school building
spaces by considering tailored outdoor air volumetric flow rates for each room. The key
innovation lies in proposing a ventilation strategy that calculates external air changes per
hour (ACH) starting from a fixed maximum value of virus infection risk for occupants
based on Wells–Riley model.

The new tailored approach was tested on the 20%, 15%, and 10% risk thresholds,
and its performance is compared to four different traditional approaches for determining
ventilation rates in a school building. The Wells–Riley method and dynamic energy simu-
lation are employed to evaluate the impact of different outdoor airflow rates on the risk
of virus transmission to occupants, as well as on building energy consumption and GHG
emissions. The analysed traditional approaches include the regulatory framework outlined
in Italian Ministerial Decree (IMD) 18.12.1975, the guidelines established by the World
Health Organization (WHO), the recommendations provided by the American Centers for
Disease Control and Prevention (ACDCP), and a parametric approach that explores the
effects of uniformly increasing outdoor airflow rates on both the risk of infection and the
energy consumption of the building.

The maximum risk levels of the IMD and WHO ventilation approaches are high, while
they decrease significantly if a higher outdoor ACH is considered. However, ventilation
approaches considering higher ACH values for all rooms (ACDCP approach and the
other scenarios entailing gradually increased ventilation rates) show an increasing trend in
energy consumption that reaches the maximum percentage difference (+138%) in the case
of 10 ACH. On the other hand, using the new tailored approach with a fixed 10% risk in
each room, the maximum infection risk is decreased by 86% compared to the IMD approach,
with an increase of only 11% in the building’s electric energy consumption. Therefore, this
can be defined as the optimal approach, since it provides smaller risk values compared to
the traditional IMD and WHO approaches, with much lower maximum risk values and
slightly higher energy consumption and GHG emissions.

Furthermore, the results show that traditional methods may lead to inconsistent risk
values across individual rooms, resulting in uncontrolled and unequal risk levels between
rooms of varying sizes and uses. These methods often overlook factors like room volumes
and occupancy levels. In contrast, the new tailored approach proposed in this study
maintains consistent and low levels of infection risk in all rooms by considering factors
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such as room dimensions and occupancy levels and implementing the Wells–Riley method
to control and equalize the risk levels.

Finally, the achievement of zero emission building (ZEB) target in each ventilation
scenario is verified through the integration of a suitable photovoltaic (PV) system, and
the financial impact of this PV system is analysed. The results show that, in sizing the PV
system to reach the ZEB target, the tailored approach with a 10% risk threshold requires
similar economic investments as the IMD and WHO traditional approaches (but with much
lower risk of infection). Additionally, compared to the ten ACH and five ACH (Centers for
Disease Control and Prevention) ventilation rate strategies, the tailored approach proves to
be more cost-effective, with cost savings of 51% and 23%, respectively, for offsetting GHG
emissions.

7. Main Limitations of the Study and Future Developments

The main limitations of the proposed study are reported here.

- The Wells–Riley model assumes steady-state conditions and the perfect mixing of air.
This means that it assumes the distribution of pathogen-laden aerosols is spatially
and temporally uniform, i.e., ideal conditions. Therefore, although several studies
have demonstrated the suitability of this method for evaluating the effectiveness of
outdoor air changes in reducing the risk of contagion, the airborne infection risk could
be under- or overestimated using these ideal conditions.

- Moreover, there are several COVID-19 strains as well as other various airborne respi-
ratory infections. Based on this, the proposed study (to evaluate the optimal outdoor
airflow rate in each room using only the infection risk-based ventilation airflow calcu-
lations) could be extended to also consider these factors.

Moreover, further investigations will be needed concerning the application of the
Wells–Riley model across different environmental conditions; finally, an optimal value of
different external air changes for each room for different values of q (emission of infectious
doses by an asymptomatic subject) could be analysed.
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