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ARTICLE INFO ABSTRACT

Keywords: Ventilation is fundamental for providing good Indoor Air Quality in buildings. Nevertheless, it
Air conditioning systems involves considerable energy consumption. In this paper, a co-simulation approach was applied to
Hybrid ventilation two case studies, a residential and an educational building, to evaluate different control strategies
Natural ventilation for hybrid ventilation systems in terms of annual energy demand and risk mitigation. The sim-
Infection risk ulations were performed using TRNSYS and CONTAM and successively applying the Wells-Riley

Building simulations model to estimate the airborne infection risk. The analysis is performed for three climates, Venice,

Rome and Helsinki. Results for the apartment show that different control strategies do not lead to
significant variations in the overall heating demand for a given climate. In contrast, increasing
natural ventilation hours during the cooling season produces savings in both sensible (up to 31%
in Venice) and latent demand (up to 30% in Rome). Fan absorption in the heating season is
reduced by 40% and 86% in Rome for the flat and classroom, respectively and by 84% in Venice
for the apartment in the cooling season. Moreover, a control strategy enhancing natural venti-
lation is promising in reducing the infection risk. Therefore, if well-regulated through a suitable
control strategy, the hybrid ventilation system seems promising in maintaining healthy indoor
environments while reducing energy consumption.
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q Power [kKW]

ro, w Latent heat of vaporization of water (at 0°C) [kJ kg’l]
t Time [h]

14 Room Volume [m3]

w Width [m]

X Specific humidity [kg kg™']

A Loss term for viral inactivation [h™!]
T Timestep length [s]

ATiim Temperature difference threshold [°C]
Subscripts/superscripts

AH Air handling

cool Cooling season

CD Cooling and dehumidification process
da Dry air

el Electrical

ext External environment

heat Heating season

in Indoor environment

lat Latent

M Mid-season

postH Post-heating process

preH Pre-heating process

sens Sensible

v Vapor

Acronyms/abbreviations

LR Living Room

MB Master Bedroom

MV Mechanical Ventilation

NV Natural Ventilation

SB Single Bedroom

TRY Test Reference Year

-

. Introduction

The statistics reported by Eurostat [1] show that the building sector has significantly impacted final energy consumption in recent
years. In 2020, the final energy use in residential, commercial, and public sectors in EU countries was estimated to be 42% of the total.
For this reason, issues concerning energy savings in buildings are increasing in importance nowadays. A significant amount of energy is
used every day to ensure good quality of life in the enclosed environment. In particular, with the recent spread of the COVID-19
pandemic, public attention has been focused on the issue of indoor air quality (IAQ), particularly on virus transmission and indoor
environmental healthiness. According to the World Health Organization (WHO) [2], the transmission of the SARS-CoV-2 virus takes
place through both a direct transmission and an indirect or airborne transmission route [3]. It has been widely recognized that airborne
transmission played a crucial role during the pandemic [4], and the search for solutions converged on ventilation as an effective
strategy to mitigate infection risk [5]. However, its implementation in new and existing buildings is not trivial. Mechanical ventilation
systems are very efficient in controlling the IAQ, but their use involves increased energy consumption that cannot be overlooked. For
this reason, a holistic approach to the issue is recommended in the literature, taking into consideration the maximization of indoor air
quality and cost minimization [6]. A promising solution that can contribute to this topic is the hybrid ventilation approach studied in
detail by Annex 35 of the International Energy Agency (IEA) [7]. Its purpose is to provide good IAQ in buildings through the com-
bination of natural ventilation and mechanical systems. In the existing literature, many authors reported about measurements in
naturally ventilated buildings such as classrooms in UK [8], in Chinese residential buildings [9] and Spanish homes [10]; in all these
papers, an appropriate use of natural ventilation is observed to be sufficient for guaranteeing good indoor pollutants’ concentration
level, but to keep good thermal comfort standards, they suggest to adopt hybrid ventilation strategies. This solution is widely studied in
the literature and is applied in the so-called “mixed-mode buildings” [11]. When monitoring environments with hybrid strategies, the
thermal comfort result to be enhanced, with a good control of indoor pollutants concentration [12]. To reach these results, the control
system is designed to find a trade-off between minimizing costs and maximizing IAQ [13]. In many works, the potential of savings of
hybrid ventilation systems is reported: according to Chen et al., up to 50% of energy can be saved [14]; however, it is also well-known
that this scenario is possible only with a well-built control system. Cho et al. [15] propose a “humidity sensitive” control system for
indoor air flows, coupled with a hybrid ventilation system with switching control based on outdoor air temperature and wind speed
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ranges. Vallianos et al. [16] compare a reference control system based on fixed ranges of outdoor temperature and humidity with a
reactive and a predictive control system, highlighting the higher thermal comfort and energy savings of the latter solution. In their
paper, Menassa et al. [17] focus on the scheme of a control system for hybrid ventilation solutions, and its layout is divided into four
parts, each one verifying if the corresponding variable (e.g., temperature, humidity, energy consumption, CO2 concentration) is at a
suitable level for enabling natural instead of mechanical ventilation. Less et al. [18] analysed six control strategies for hybrid venti-
lation with co-simulation in CONTAM and Energy Plus for different residential buildings in California. They found that the best control
strategies could save up to 50% on energy-related ventilation, maintaining good air quality. Park et al. [19] evaluated some scenarios
of extending the natural ventilation period in hybrid ventilated buildings in Korea using EnergyPlus. They concluded the possibility of
energy savings between 32% and 34% for their case study. Finally, Vadamalraj et al. [20] presented a novel hybrid ventilation system
controlled with model predictive control (MPC) algorithms and soft sensors. Its application in laboratory tests highlighted good
thermal comfort and IAQ levels with energy savings of 19-21% compared to the case without its implementation. O’Donovan and
O’Sullivan focus on design stage and study different ventilation approaches, suggesting the employment of hybrid solutions for the
simultaneous control of thermal comfort and virus transmission [21]. An important contribution to the hybrid ventilation modelling is
given by Stasi et al., who simulated with the EnergyPlus software three different hybrid ventilation strategies in an NZEB building for
different Italian climates [22]. A significant contribution to this type of ventilation system analysis comes from building simulations.
They are widely used in energy consumption evaluations and IAQ assessments, and the purpose of the simulation approach is to
compare solutions or predict different scenarios. Among all the simulation software, TRNSYS [23] is used for the simulation of dy-
namic models, especially for the analysis of building energy systems; CONTAM [24] is a widely employed tool for the computational
analysis of ventilation and indoor air quality (IAQ) in multi-zonal models of buildings. Both TRNSYS and CONTAM have been already
validated in previous works [25,26], and they are now consolidated and widely used software in the field of building simulations. Their
high flexibility allows a co-simulation approach in which the thermal and ventilation model solutions use each other for a
multi-domain approach. For this reason, different papers in the literature use the coupling of these two programs to evaluate the
impact of natural ventilation on energy consumption and indoor temperatures [27-29]. Wen et al. developed an integrated
TRNSYS-CONTAM model to study the energy performance of a multi-energy system combining hybrid ventilation, a ground-source
heat pump (GSHP), and photovoltaic thermal (PVT) collectors [30] Picard et al. studied coupled CONTAM to TRNSYS to assess the
airborne transmission of SARS-CoV-2 in a typical detached house where an exhaust mechanical ventilation system is installed [31].
Pistochini et al. studied the mechanical ventilation inside classrooms with a focus on filtering and economizer effect on energy use and
infection risk with the Wells-Riley model [32].

To the best of authors’ knowledge, there is no evidence in the literature of previous works applying a co-simulation approach with
the TRNSYS-CONTAM software for the evaluation of hybrid ventilation systems looking at both energy demand and air salubrity.
Therefore, this paper proposes the integration of TRNSYS with CONTAM for the development of a dynamic simulation building model
to analyse hybrid ventilation strategies in two case studies: a seven-thermal zone-residential building and a typical school classroom. In
this way, the calculation of the energy consumption considering both mechanical and natural ventilation during the building man-
agement is allowed. Moreover, the literature search revealed the lack of an integrated analysis of energy and salubrity aspects related
to hybrid ventilation use in indoor environments. For this reason, a further analysis is carried out with the Wells-Riley model [33,34] to
assess the airborne infection risk from COVID-19 inside the occupied space. A control strategy based on occupancy and external
temperature is implemented for the ventilation system operation, and a simulation approach is adopted to study different scenarios
related to the set control parameters. The objective is investigating how the control system affects both the energy demand and the
virus transmission. From this point of view, the paper proposes a comprehensive approach for the assessment of hybrid ventilation
effectiveness, and the comparison between different scenarios using this method is enhanced.

2. Methodology

The analysis of a hybrid ventilation system was carried out considering a residential building and a school classroom. A dynamic
simulation building model was built exploiting the coupling process between TRNSYS and CONTAM. Both simulation platforms apply
a multi-zonal approach to model the building spaces. TRNSYS performed the dynamic energy simulation, determining the net energy
demand for heating and cooling purposes of internal conditioned spaces, and zones’ temperatures. CONTAM was applied to define a
multi-zonal ventilation model to calculate infiltrations from the external environment driven by natural ventilation forces and air
couplings between adjacent zones.

2.1. Case studies

Two different case studies were simulated with the model described in the following sections: a two-story residential apartment and
a school classroom. The flat is a portion of a multi-family house with four occupants, adjacent to other flats on the lower floor and two
sides. Two sidewalls (North and South oriented) and the roof face the external environment. The apartment comprises seven thermal
zones: a living room with a kitchen, two bedrooms, two bathrooms, a passageway and a stairwell. The school classroom is modelled as
a single thermal zone with one wall facing the outside (East oriented), whereas all the others are adjacent to heated indoor envi-
ronments. In the apartment case, thermal transmittances of 0.34 and 0.3 W/(m? K) were employed for external walls and roof covering
slab, respectively, according to Ref. [35]. On the other hand, thermal transmittance of 0.5 W/ (m? K) was assumed for classroom
opaque external surfaces. In both cases, glazed surfaces with a transmittance of 2.2 W/(m? K) were considered. The main geometrical
characteristics of the case studies are reported in Table 1.

For both cases, the simulations are performed in three locations: Helsinki, Venice and Rome. Therefore, the climate conditions for
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Table 1
Case studies characteristics.
Floor Area Net Heated Floor Area Floor height External opaque surface External glazed surface
[m?] [m?] [m] [m?] [m?]
Residential Apartment 75.7 58.4 2.7 98.7 14.9
School Classroom 48.0 48.0 3.0 24.0 8.6

the model were obtained from the Test Reference Year (TRY) of these cities, from the EnergyPlus database [36].

2.2. Airflow network model for natural ventilation

The overall model of the analysed case studies can be split into two parts: a multizone ventilation model and a transient thermal
model. The first one consists of the building airflow network created with CONTAM. Fig. 1 outlines the ventilation model of the
residential building and the adopted zoning. Relative elevation, height and dimensions of windows, doors and vents are representative
of a real naturally ventilated building located in Vigonza, a town between Padua and Venice (Italy). Doors are included in the model,
but they are assumed to be always closed. However, the airflow paths through small gaps placed around the door perimeter are
modelled as leakage elements of 80 cm? for each internal door and 50 cm? for the entrance door. A power law links the air flow rate
with the pressure gradient across the gaps, and a discharge coefficient and a flow exponent of 0.6 and 0.65 were assumed, respectively
[24]. Stair doorways are considered like two big rectangular openings in the walls separating the stairwell from the connected spaces.

Bathrooms are linked to adjacent zones through two vents near the ceiling to promote the extraction of air from those zones and its
successive expulsion. These openings are modelled as orifices with a cross-sectional area of 40 cm?; a discharge coefficient of 0.6 and a
flow exponent of 0.5 were set as power law parameters [24]. Windows are designed the same way as doors, with a leakage area of 30
cm?; nevertheless, their upper part is assumed to be openable and the opening area can be adjusted by a factor ranging between 0 and
1. The top-hung devices are modelled as a “two-way” flow path since a bidirectional airflow may occur for larger flow elements. The
geometrical characteristics of these elements are outlined in Table 2. Finally, the second-floor bathroom is linked to the external
environment through a roof solar chimney [37]. It is modelled as an orifice at 2.20 m above the bathroom ceiling with the same fluid
dynamic properties of bathrooms’ vents and a free flow area of 0.80 m2. Wind effect on airflows through external openings was also
considered by providing a set of pressure coefficients for the whole building. Their value is based upon the relative orientation between
the wall where the window is installed and wind direction, following the model of Swami and Chandra for low-rise buildings [38]. The
classroom is modelled as a single thermal zone connected to the external environment through three windows (East oriented) with
dimensions of 1.9 m x 1.5 m. As for the apartment, they are kept close with a leakage area of 30 cm? and a top hung element is placed
with a variable opening degree. The openable upper part of the fixture is 0.6 m high and 1.5 m wide.
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Fig. 1. CONTAM model of the residential building, plan view of the first floor (left) and second floor (right).
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Table 2
Apartment windows and corresponding top-hung openings.
Single bedroom Master bedroom Living room & kitchen Bathroom at first floor
Fixtures (H x W) Window (1.6 m x 1.5 m) Window (1.6 m x 1 m) Window (1.6 m x 1 m) Window (0.4 m x 1.5)
Terrace French door (2.1 mx 0.75  Terrace French door (2.1 m x 2
m) m)
Openable elements (H Top-hung window (0.6 m x Top-hung window (0.6 m x 1 m) Top-hung window (0.6 mx1m)  Top-hung window (0.4 m x
x W) 1.5m) Top-hung window (door) (0.5 mx  Top-hung window (door) (0.5 1.5m)
0.75 m) mx 2 m)

2.3. Dynamic energy model

In Fig. 2, the building energy model developed in TRNSYS is shown. In particular, Fig. 2(a) provides a scheme of the model with the
connections between single elements, called Types., whereas Fig. 2(b) illustrates the iterative calculation process occurring at each
hourly timestep. The dynamic energy model of the building is developed using TRNBuild, (Type 56). Similarly to CONTAM, each
thermal zone presents an air node supposed perfectly mixed in terms of temperature. The zoning criterion for the residential case is the
same adopted in CONTAM. Building envelope structures, glazed elements and internal partitions were defined for each zone; the walls
separating the housing unit from the adjacent conditioned apartments are considered adiabatic. Concerning the classroom case, one
thermal zone is also set in TRNSYS. Time-varying daily schedules were set for the internal heat gains: people, appliances and lights.
Table 3 reports the variable presence of people supposed for the apartment rooms, distinguished between workdays and weekend. In
the classroom, continuous occupancy of 21 people was considered between 08:00-13:00 and 14:00-16:00, assuming a break at
lunchtime, from Monday to Friday. Each person is represented as a 65 W sensible heat gain. In the residential case, a constant internal
vapor generation of 0.13 kg/h per person was set, while in the classroom, it was set at 0.085 kg/h. In the first case, a higher latent load
from people was chosen to include the typical daily domestic activities that lead to vapor production. The peak value for appliances
and lights in the residential building was set at 8 W/m? and 2.7 W/m?, respectively. A constant heat gain from lighting was assumed in
the classroom during occupancy hours, equal to 14 W/m?. All the internal gains were set according to the European Standard EN
16798:2019 [39].

In both case studies, an ideal heating and cooling convective system keeping the indoor air temperature at the desired setpoints was
assumed. During the heating season, in the residential building, two-temperature setpoints were set: 21°C during the day (7:00-23:00)
and 18°C during the night (23:00-7:00); in the school classroom, a temperature setpoint of 21°C was maintained only for the school day
(8:00-16:00), while a setpoint of 18°C was fixed for the rest of the day. During the cooling season, a constant setpoint (26°C for Venice
and Rome, 25°C for Helsinki) is set only in the residential case since schools are supposed to stay closed during summer. Instead, free-
floating internal temperatures characterize the thermal zones during the mid-seasons. The heating and cooling seasons for the three
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Fig. 2. Building dynamic energy model developed in TRNSYS. Scheme with Types and connections (a). Iterative calculation procedure at each timestep, where m; are
natural (NV) or mechanical ventilation (MV) interzonal flow rates based on control system output (b).
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Table 3
Occupancy schedule in the residential case.
Number of occupants Bedrooms Living room & kitchen Bathrooms
2 4 1
Time Value Time Value Time Value
Weekday presence (percentage on the number of occupants) 0.00-7.00 100% 7.00-9.00 50% 8.00-9.00 100%
7.008.00 50% 12.00-13.00 50% 12.00-13.00 100%
23.00-0.00 100% 17.00-19.00 75% 20.00-22.00 100%
19.00-23.00 100%
Weekend presence (percentage on the number of occupants) 0.00-7.00 100% 7.00-9.00 50% 9.00-10.00 100%
7.00-8.00 50% 9.00-11.00 100% 12.00-13.00 100%
23.00-0.00 100% 11.00-23.00 50% 18.00-20.00 100%

Table 4
Heating and cooling seasons for each location.
Heating season Cooling season Notes
Venice 15th October — 15th April 10th June — 20th September Heating season: from [40]
Rome 1st November — 15th April 10th June - 20th September Heating season: from [40]
Helsinki 1st September — 31st May 1st June — 31st August Heating season month: Tayg, month < 15 °C

Cooling season month: Tayg month > 15 °C

locations are reported in Table 4.
The coupling between the TRNSYS energy model and CONTAM airflow model is obtained using Type 97. The simulations were
carried out with hourly time steps over one year.

2.4. Ventilation and control system

In the two simulated cases, the presence of a hybrid ventilation system is assumed: the indoor spaces are naturally ventilated
through the building openings, but when the thermal requirements of the environment are not fulfilled, the switching to a mechanical
ventilation system occurs. In the residential case, it provides an air change rate of about 0.5 h™! in the whole housing unit. Each
thermal zone is equipped with supply and exhaust diffusers; hence, the supply of fresh air and the extraction of the same exhaust
airflow occurs simultaneously in all the building’s parts. Table 5 shows the volumetric flow rates set for each zone. On the other hand,
in the school classroom case, the criterion of a minimum renewal rate of 4 L/s per student was adopted [39], leading to a total
volumetric flow rate of 300 m®/h. Furthermore, the supply air temperatures follow the setpoint temperatures of the heating and
cooling systems. CONTAM was used only for natural ventilation flows, which account for buoyancy and wind effect, while the TRNSYS
model provided mechanical ventilation operation. At each simulation timestep, the shift between natural ventilation and mechanical
system is driven by a control system based on two control variables: temperatures and occupancy. The difference between indoor and
outdoor air temperatures is used as a control strategy to decide whether to keep the windows open, leading to naturally ventilated
spaces, or conversely, to activate the fans. If natural ventilation is practicable, only in the occupied zones the windows are kept open to
provide air change, according to the occupancy schedules of each room. The flowchart in Fig. 3 outlines the overall control strategy
adopted in this work for the residential case.

As illustrated in the figure, different limit temperature differences are used for exploiting natural ventilation depending on the
current season. In particular, an upper limit on the external temperature is chosen as a threshold value to open or close the windows
during the cooling season. For each case study, the control parameters were varied in order to obtain three sets of threshold values for
the simulation of three scenarios.

e a baseline configuration (Case A);
e a natural ventilation dominant configuration (Case B);
e a mechanical ventilation dominant configuration (Case C).

In Case B and C, temperature controls are modified to obtain longer natural and mechanical ventilation periods, respectively,
compared to the baseline (Case A). Overall, 18 different situations are simulated (three scenarios for two building types in three lo-
cations); the values of the control parameters are reported for each one in Table 6.

For each scenario, an iterative procedure has been implemented to adjust the opening area of the top-hung windows at the

Table 5
Mechanical ventilation flow rates in the apartment rooms.
Single bedroom Master bedroom Living room & kitchen First floor Bathroom Second floor bathroom
Volumetric flowrate [m*/h] 12 18 80 20 30
ACH [h™!] 0.52 0.59 0.98 2.04 2.34
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Fig. 3. Flowchart of ventilation control strategy for the apartment (MB=Master bedroom, SB=Single bedroom, LR=Living room, H=Heating season, C=Cooling
season, M=Mid-season).

Table 6
Control parameters values for each case study.
Case study Climate Configuration ATim, 1 [°C) AT, m [°C] Trm, ¢ [°C]
Residential building Helsinki Baseline 10 - 25
NV dominant 15 - 27
MV dominant 5 - 20
Venice Baseline 5 6 26
NV dominant 10 10 28
MV dominant 0 0 22
Rome Baseline 5 6 26
NV dominant 10 10 28
MV dominant 0 0 22
School classroom Helsinki Baseline 12 - -
NV dominant 16 - -
MV dominant 5 - -
Venice Baseline 10 10 -
NV dominant 15 15 -
MV dominant 0 0 -
Rome Baseline 10 10 -
NV dominant 15 15 -
MV dominant 0 0 -

timesteps of natural ventilation. Starting from the first attempt values for the percentage of open area of the elements, a calibration was
carried out in order to maintain the natural ventilation flow rates within the established range of air change rates according to room
end-use: 2=-4 h™! for bathrooms, 1+2 h~! for living room, 0.5+2 h™! for bedrooms, and 2+4 h~! for the classroom. Without this
procedure, excessively high flow rates would arise, especially in the heating season when the stack effect becomes quite intense.

2.5. Energy demand and risk calculation

The evaluation of the hybrid ventilation systems and the comparison between the different control configurations among the
analysed case studies were made in terms of thermal and electrical energy demand and airborne infection risk from COVID-19.

2.5.1. Thermal energy calculation

The thermal energy used in the different scenarios was calculated, assuming the presence in all the case studies of an ideal
convective heating system and a mechanical ventilation unit. The ideal system was used to maintain the setpoint temperature inside
the building, and the energy required by the system was determined through the simulations of the above-described model. The energy
demand necessary to fill the temperature decrease or increase due to air infiltration in naturally ventilated hours is included in TRNSYS
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simulations. On the other hand, when mechanical ventilation unit works, it brings the outdoor air directly from the external conditions
to the desired supply temperature and relative humidity, performing specific processes.

The calculation of thermal (sensible and latent) energy for air handling depends on the season of operation. In heating conditions,
outdoor air is sucked by the supply fan, and after the filtering process, it undergoes heat recovery from exhaust air — through a cross-
flow heat exchanger with an efficiency of 0.9. Then, the processes of sensible heating (through the pre-heating coil), saturation (in an
adiabatic saturator with efficiency 0.9) and post-heating take air to the supply conditions (e.g., 18 or 21°C and 50% RH, see Section
2.3). In Eq. (1), the calculation of the energy use for air handling in the heating season (gap g) is shown:

qanH = Mair DPprerr + Mgir ARpogn )

where g is the air mass flowrate, Ahyey and Ahyesy are the differences of air enthalpy between the inlet and outlet of the pre-heating
and post-heating coil, respectively.

In the cooling season, the mechanical ventilation unit layout is different, and air undergoes two transformations: cooling and
dehumidification through a cooling coil and the post-heating process to reach the supply conditions, which are 26°C (25°C for Hel-
sinki) and 50% of RH in cooling mode. The energy use for air handling in summer is presented separating the sensible and latent
components, which are calculated according to Egs. (2) and (3), respectively:

qAH cool sens = mairATCD * (Cp.da + xvcp,v) (2)
GAH coollar = Mair AXcpTo 3)

where ¢, 4, is the dry air specific heat (1006 J/(kg K)), ¢, is the vapor specific heat (1875 J/(kg K)), ro, is the latent heat of
vaporization of water at 0°C (2501 kJ/kg), Axcp and AT¢p are the differences between the inlet and outlet of the cooling coil of specific
humidity and air temperature, respectively.

The seasonal heating and cooling (sensible and latent) demand (E,p) are determined for all the analysed scenarios, through the sum
of the energy calculated for each timestep:

Epni= Z%H.iﬂj 4
J

where i is the energy component (e.g., heating, cooling-sensible, cooling-latent), j is the simulation timestep and 7 is its length.

2.5.2. Electrical energy calculation

The electrical consumption for air handling was calculated, assuming the pressure losses at the nominal airflow rate of the cor-
responding case study for each component. The overall pressure losses value was therefore interpolated with the characteristic curve of
the fan, revealing the working point used for calculating the fan power. The annual electrical consumption (Es ;) was determined for
all the analysed scenarios, through the sum of the energy calculated for each timestep when the mechanical ventilation is active:

Espa= ZqAH,eI;fT.f ©
J

where qap . is the sum of the exhaust and supply fan power for each timestep, j is the simulation timestep and 7 is its length.

2.5.3. Airborne infection risk calculation

The airborne infection risk from COVID-19 was calculated over one reference day. In the residential case, it was evaluated only in
the living room during the weekend, when this zone is more occupied during the daytime. For both cases, the presence of one
asymptomatic subject was assumed and the individual infection probability was assessed by applying the Wells-Riley model. The
infectious aerosols are expressed in terms of quanta, a hypothetical dose unit that makes 63.2% of an exposed population sick [41]. The
quanta exhalation rate of the infected source is specific for the considered disease and depends on the activity level. In both cases, a
quanta concentration balance was set with the assumption of a well-mixed room, as expressed by Eq. (6):

dC  ER=xI

eV

~(ACH +k+2)%C (6)

where C is the quanta concentration, ER is quanta generation rate for the disease, I is the number of infected sources, V is room volume,
ACH is room air changes per hour, k and 2 represent the loss terms related to virus particle gravitational deposition and viral inac-
tivation, respectively. Values of 0.24 h~! fork and 0.63 h™~! for A were fixed according to Ref. [42]. It was assumed that outdoor air does
not contain infectious quanta, and aerosol recirculation from adjacent zones in the residential building was neglected. Quanta con-
centration represents the virus-laden material available at the breathing zone of a susceptible subject, whose infection risk is calculated
through the exponential probability relationships expressed by Eq. (7):

P=1- exp( —p / c(z)dt> @

where p is the breathing flow rate of the susceptible person. The exponent represents the intake dose and is given by an integral of
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quanta concentration over the exposure time. Supposing that in both case studies the subjects involved in risk assessment usually
perform intermediate activities between sedentary level and light exercise, a breathing flow rate of 0.60 m®/h and an emission rate of
30 quanta/h for COVID-19 were chosen in compliance with [43]. The Wells-Riley model is based on two assumptions, namely room
perfect mixing and steady-state quanta concentration. The former is preserved for the apartment’s living room and school classroom in
compliance with multi-zone modelling approach, whereas the quanta concentration is calculated at each timestep discretizing Eq. (6),
and the obtained value is used to calculate the inhaled dose on the current timestep. Then, the cumulated dose from the start of
exposure is used to estimate the airborne infection risk through Eq. (7).

3. Results and discussion

For each case study, residential building and classroom, the effect of the control strategy (baseline, NV dominant, MV dominant)
adopted for the hybrid ventilation system is analysed and a comparison is carried out in terms of the operating time of natural and
mechanical ventilation, heating and cooling energy demand, fans’ electrical absorption when the mechanical ventilation is on, and
infection risk extent.

In Fig. 4, natural and mechanical ventilation operating time is reported in terms of the percentage of the total hours of building
usage over the year for the apartment (a) and the classroom (b). In the residential unit (Fig. 4(a)), the effect of the control strategy
implemented in the model is clear. In Rome and Venice, in the baseline situation (Case A), the building is naturally ventilated for
almost half the time compared to mechanical ventilation operation, while in NV dominant scenario (Case B), the natural ventilation

B Mechanical ventilation @ Natural ventilation
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NV Dominant (Case B)

Rome

MV Dominant (Case C)
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Fig. 4. Natural and mechanical ventilation operation time during the occupancy period for the residential apartment (a) and the school classroom (b).
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hours increase by about two times. The opposite situation occurs for MV dominant system (Case C), with a halving of natural
ventilation hours compared to the base case. In Helsinki, the building is mainly mechanically ventilated during the year, from a
minimum of 64% of the time in Case B to a maximum of 90% in Case C, due to lower external temperatures; therefore, the threshold
values for the control of natural ventilation (see Table 6) are less frequently met in the heating and mid-season.

A similar trend can be observed in the school classroom (Fig. 4(b)). Compared to the apartment case, the share of natural ventilation
hours during the operative period is higher because the classroom is occupied during the central and warmer hours of the day, and
looser control limits are set to open the windows (see Table 6). Comparing the baseline and NV dominant scenarios, it can be noticed
that natural ventilation is more frequent in Rome given the warmer climate than Venice and Helsinki, therefore, the control thresholds
are more easily met. In the MV dominant scenario, mechanical ventilation is active for more than 95% in all the locations.

The heating and cooling energy needs have been determined for the apartment considering the net heated and cooled floor area
(see Table 1). Concerning the heating demand, results are divided into convective system output (TRNSYS outcome) and energy
required for air handling when the building is mechanically ventilated. The results for the apartment are shown in Fig. 5. For a given
location, the overall heating demand remains almost the same between the various scenarios; the climate effect can be observed with a
maximum annual heating demand of 2598 kWh in Rome, 3762 kWh in Venice and 6948 kWh in Helsinki. The difference lies in the
different allocation of the energy demand: in NV dominant configurations, the convective system accounts for about two times
compared to air handling processes. This means that with this control strategy scenario, the primary system works for more time and its
thermal capacity has to be set accordingly. On the contrary, the share of the air handling energy need increases in Case A and C. In
Rome, the convective system and the heating coils in the mechanical ventilation unit account for the same share in these two scenarios
(i.e., 49%-51%, Case A), whereas the convective contribution increases in Venice (i.e., 58%-42%, Case A) and in Helsinki (i.e., 63%—
37%, Case A).

The outcomes for the classroom are reported in Fig. 6. The climate influence is still highlighted by the maximum annual demand
(854 kWh in Rome, 1126 kWh in Venice and 2369 kWh in Helsinki). It can be noticed that the overall energy demand is higher in the
MV dominant scenarios, especially in Rome. This is due to the fact that the classroom is well-insulated and internal heat gains
contribute to heating the space during the season.

Fig. 7 illustrates the fans’ electrical absorption during the heating season for the apartment and the school classroom. In the
residential case, as expected, a substantial decrease in electrical consumption is achieved moving from Case C to B, with savings
reaching 40% in Rome, 22% in Venice and 30% in Helsinki. In contrast, the consumptions are similar between Case A and C, meaning
that in those scenarios, the operating hours of mechanical ventilation are almost equal in the heating season. In the school classroom
case, the demand reduction from Case C to B is remarkable, up to 86% in Rome, 58% in Venice, 37% in Helsinki. The energy demand
also decreases from Case C to A since mechanical ventilation hours are lower in the second case (given the higher temperature dif-
ferences set for providing natural ventilation, see Table 6).

The cooling energy demand is highlighted in Fig. 8(a) only for the apartment case since school is not occupied during summer. A
subdivision into sensible and latent cooling is provided, given the importance of dehumidification during the cooling season. Both
sensible and latent shares are given by the sum of the convective system and mechanical ventilation unit contributions. A significant
reduction in the annual sensible cooling demand is obtained moving from MV to NV dominant scenario (by 24% kWh in Rome, 31% in
Venice, 11% in Helsinki). The same effect can be seen for the latent share only in Rome and Venice (30% in Rome, 29% in Venice),
whereas it remains the same among the scenarios in Helsinki due to the favourable external conditions in terms of humidity. The total
cooling demand is almost the same for Venice and Rome, the former presenting a higher latent share, the latter a higher sensible share.
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Fig. 5. Heating demand for air handling and the ideal heating system in the residential apartment case study.
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Fig. 6. Heating demand for air handling and the ideal heating system in the school classroom case study.
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Fig. 7. Electrical consumption for air handling in the residential apartment and the school classroom during the heating season.

On the other hand, the total cooling demand in Helsinki is about half that of the two Italian cities.

In Fig. 8(b), the apartment’s electrical consumption for air handling in the cooling season is reported. In Helsinki, the flat is
naturally ventilated for most of the season in all control scenarios, with an annual maximum of 26 kWh in Case C. In Rome and Venice,
a gradual decrease is obtained, moving from Case C to A and B, highlighting a corresponding increase in the natural ventilation hours.
The maximum savings amount to 69% in Rome and 84% in Venice.

The risk assessment was carried out assuming that involved subjects do not wear protective devices and masks. In the residential
building, risk has been evaluated in the living room during a day on the weekend when the room is occupied most of the daytime. Three
specific days, one for each season were chosen, and risk was calculated in the baseline, NV dominant and MV dominant situations
during these days. The risk was assessed for typical school days for the classroom, one from the heating season and two from the mid-
season. Since quanta concentration balance and infection probability are affected only by the ventilation flow rate, only the results
obtained for Venice are shown, being those for the other locations similar. Figs. 9 and 10 show the trends of infection risk and air
changes per hour for the residential building and the school classroom, respectively. When the room is not occupied, the infection risk
remains constant because it only depends on how much infectious material the susceptible subject has previously inhaled. It is evident
that the higher the ventilation rate on average during the day, the lower the infection probability for the susceptible subjects. In
particular, when the renewal flow rate increases, the risk curve becomes less steep and tends to flatten. If the ventilation rate rises, the
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Fig. 8. Sensible and latent cooling demand (a) and electrical consumption for air handling (b) during the cooling season for the apartment.
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Fig. 9. Infection risk trends for the apartment in Venice. Baseline — Case A (a). NV dominant — Case B (b). MV dominant — Case C (c).

dilution and the removal of virus-laden aerosol from the room enhance. In the apartment, the worst situation is the MV dominant
situations, due to the lower air changes per hour. In this case, the infection risk reaches almost 85%. The NV dominant situation is the
best solution with higher ventilation rates during the day that result in an infection risk below 70%, though still pretty high. In the
baseline, days of both ventilation modes often could occur, leading to intermediate risk values. A similar situation can be observed for
the classroom. The best situation is represented by NV dominant system with an infection risk between 18 and 23%, while the worst is
with MV dominant system, where the infection risk reaches a value of 24%. Risk extent is lower than that in the apartment’s living
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Fig. 10. Infection risk trends for the school classroom in Venice. Baseline — Case A (a). NV dominant — Case B (b). MV dominant — Case C (c).

room due to the larger room volume that ensures higher dilution of infectious aerosols.

Eventually, it can be observed that in MV dominant situations (Case C), the infection risk reaches the largest values because the
ventilation flow rates are lower compared to the other cases. To get the same risk mitigation as in the NV dominant system (Case B), the
supply flow rates should be increased to match those achievable through natural ventilation with envelope openings. This operation
will certainly increase the energy demand for air handling, thus promoting well-controlled natural ventilation would be convenient
both in terms of energy savings and risk mitigation.

4. Conclusions

In the present paper, the energy demand and infection risk evaluation of a hybrid ventilation system has been carried out for two
different building types, a residential building and a school classroom. The evaluation of ventilation control strategies is a complex
issue and performing it with measurements is difficult, especially over long periods of time. For this reason, a simulation approach
based on dynamic building models was adopted by coupling two already validated and well-established software, CONTAM and
TRNSYS. The airflow network was created in CONTAM to determine natural ventilation flows between thermal zones and infiltrations
from the external environment. The transient thermal model for calculating the building heating and cooling loads was built in
TRNSYS. The annual simulations were carried out with hourly time step, considering three locations with different climatic conditions:
Rome, Venice and Helsinki. A control strategy was adopted to regulate the switch between ventilation modes based on two variables:
external temperature and occupancy. Three scenarios were implemented to analyse different control configurations: a baseline case, a
natural ventilation dominant case and a mechanical ventilation dominant case. The following results emerged from this study.

e For the apartment, in all locations, overall heating demand remains almost the same between different control scenarios. In NV
dominant scenario, the convective system contribution is two times that required for air handling in mechanical ventilation mode,
meaning that the operating hours of the primary systems increases and its thermal capacity has to be set accordingly. For baseline
and MV dominant scenarios, the convective system share increases from 49% in Rome to 63% in Helsinki.

e Moving from MV to NV dominant scenarios, sensible cooling demand significantly decreases, e.g., by 24% kWh in Rome, 31% in

Venice and 11% in Helsinki. Latent cooling demand undergoes a relevant reduction in Rome (30%) and Venice (29%), while it

remains almost the same in Helsinki. The total cooling demand is similar between Venice and Rome and two times that of Helsinki.

In the heating season, fan electrical absorption significantly decreases if the operating hours are strongly reduced from MV to NV

dominant scenario. Savings of 40% in Rome, 22% in Venice and 30% in Helsinki are obtained in the residential case. In the

classroom case, they are up to 86% in Rome, 58% in Venice, 37% in Helsinki.

In the cooling season, in the apartment case, the electrical energy consumption of the fan is low in Helsinki (maximum of 26 kWh/

year in MV dominant scenario). In Rome and Venice, maximum savings of 69% and 84%, respectively, are achieved going from MV

to NV dominant scenario.

e NV dominant cases involve higher ventilation flow rates than MV dominant ones, with benefits in terms of risk mitigation. A
reduction from 85% to 70% is achieved in the apartment and from 25% to 18% in the classroom.

e The mechanical system should supply higher flow rates to reach the same risk mitigation, leading to an increase in both fan
electrical absorption and heating and cooling demand at the heating and cooling coils, respectively. Therefore, well-controlled
hybrid ventilation that promotes natural ventilation could be convenient for maintaining healthy indoor spaces while saving
energy.

The presented work raises some limitations and needs further improvements. The comparison between different scenarios is carried
out in terms of net energy demand for heating and cooling purposes; however, it would be interesting to consider the efficiency of
typical building HVAC plants to evaluate the actual final consumptions and primary energy request, accordingly.
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