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H I G H L I G H T S  

• 5 classroom ventilation strategies were evaluated using measured and modelled data. 
• Mechanical and hybrid ventilation were compared to natural ventilation strategies. 
• Energy, thermal comfort, IAQ and SARS-CoV-2 infection risk criteria were evaluated. 
• None of the ventilation scenarios could eliminate the risk of aerosol transmission. 
• Hybrid systems provide the best compromise solution for all criteria.  
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A B S T R A C T   

The global COVID-19 pandemic has highlighted the importance of indoor air quality and ventilation to mitigate 
the spread of respiratory viral infections. Schools, in particular, represent a vulnerable environment with high 
occupancy rates, prolonged exposure times and often inadequately ventilated rooms. This paper evaluates the 
functionality of different natural and retrofitted mechanical ventilation strategies in this context. An experi
mental setup, combining empirical measurements with building performance simulation and analytical risk 
analysis was used to assess key performance characteristics, including the energetic performance, thermal 
comfort, indoor air quality and the airborne infection risk of SARS-CoV-2. The results of this study underscore the 
need for a holistic approach to ventilation design in schools, taking into consideration the balance between 
energy performance, carbon emissions, thermal comfort, indoor air quality and associated health factors. We 
demonstrate that the risk of one or more long-range airborne infections, with the SARS-CoV-2 Omicron variant, 
can be reduced by >50% through appropriate use of natural, mechanical or hybrid ventilation in a classroom 
setting. Analytical modelling demonstrates that this risk can be further reduced, by an order of magnitude, 
through the use of FFP2 masks.   

1. Introduction 

Educational institutions were highly impacted during the peaks of 
the SARS-CoV-2 viral pandemic [1,2]. Whilst some authors argued that 
the role of school transmission was no worse than elsewhere in the 
community [3] or needed further elucidation [4] others identified 
poorly ventilated classrooms a key node of transmission [5,6]. Since the 
beginning of 2020, various prevention strategies, including mandatory 
mask-wearing, large-scale testing, quarantining, and school closures 
accompanied by remote learning, were used to safeguard the health and 
safety of students and staff across educational institutions [7]. 

Collectively these mitigation strategies showed a marked effect in 
reducing infection transmission rates and safeguarding public health 
[8,9]. Despite this success economic impacts [10,11] including excessive 
inflation [12] were cited alongside socio-economic concerns [13,14], 
including the exacerbation of child poverty [15], as reasons to reopen 
schools. At the same time some authors claimed that remote learning 
and prophylaxis measures (such as masking) had both real [16] and 
perceived [17,18] negative impacts on student wellbeing, notably in 
relation to mental health [19] and psychological wellbeing [20]. 
Consequently, these measures were brought to an abrupt end in most 
Western societies. When schools returned to normal operation, 
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following the delta-wave, most did so without installing indoor air 
quality monitoring or upgrading ventilation systems, thereby removing 
all preventative measures [21]. 

The legacy of challenges highlighted by the SARS-CoV-2 pandemic 
[22,23] are not the only drivers for re-evaluating ventilation in schools, 
however. Seasonal influenza outbreaks [24,25] and the risk of future 
airborne pandemics [26], as well as observations of health issues from 
airborne contaminants and off-gassing [27,28] and impaired cognitive 
performance associated with poor indoor air quality [29,30], underscore 
the need for further measures to improve ventilation in educational 
institutions world-wide. Many researchers believe that greater emphasis 
needs to be placed on the role of heating, ventilation, and air- 
conditioning (HVAC) systems as a means of controlling the spread of 
viral diseases and improving overall IAQ [31] In particular, the role of 
ventilation as a means of reducing both short- [32] and long-range [33] 
viral aerosol transmission risks has been highlighted. In this regard, 
indoor CO2 concentrations have been widely used as a proxy indicator 
for indoor air quality, due to the co-exhalation of CO2 molecules and 
respiratory aerosols, as well as the general relationship between room- 
air CO2 concentrations, occupancy, and air-exchange rates [34,35]. 
Moreover, several studies have used exhaled CO2 fractions [36,37], 
sometimes in conjunction with numerically derived air exchange rates 
[38], as a means of estimating airborne SARS-CoV-2 infection trans
mission risks. An important distinction should be made, however, in 
relation to the use of CO2 as an indicator of ventilation rates (and therein 
of exhaled aerosol concentrations) in contrast to its use as a general 
indicator of indoor air quality (IAQ). CIBSE Guide TM64 (2020) [39] 
and a number of IAQ studies carried out in schools [40,41] have 
emphasised the need to consider multiple indicators (including mois
ture, particulates, VOCs and a wide range of other contaminants) in 
addition to CO2, in order to provide a broader assessment of IAQ. 

European standard EN 16798–1:2019 [42], and international stan
dard ISO 17772-1:2017 [43] define appropriate ventilation rates and 
target CO2 levels applicable to school buildings, wherein 550 ppm above 
ambient (i.e. circa 980 ppm) represents the limiting threshold value for 
category IEQI indoor environmental conditions (which are considered 
suitable for children and occupants with special needs [[42], p. 18]). It is 
notable however, that these standards were formulated prior to the 
SARS-CoV-2 pandemic. In the context of the SARS-CoV-2 pandemic 
European building services organisation such as CIBSE and REHVA have 
advocated the use of CO2 sensors with the aim of ensuring that venti
lation is sufficient to maintain CO2 concentrations below 800 ppm 
[44,45] and not to exceed 1000 ppm [46]. In response to the removal of 
mask mandates and the increased contagiousness of the Omicron vari
ants Rowe et al. recommended 800 ppm as a suitable limiting threshold, 
whilst wearing a mask, and 600 ppm without a mask [47]. A distinction 
should be made here in relation to short-range (droplet) and long-range 
(droplet nuclei) [48] transmission of SARS-CoV-2 and other airborne 
viruses. Whilst most airborne infection risk models attempt to capture 
the relative risk of time-weighted exposure to room-air containing well 
mixed aerosols, they are unable to account for short-range (droplet) 
transmission. It has been generally accepted that respiratory droplets, 
released through speaking, singing, or coughing can travel a short- 
distance (i.e. 1–2 m) from an infectious person, although studies have 
also shown that whilst sneezing such droplets may reach distances of up 
to 8 m [49]. Regardless of whether the droplet or aerosol modality 
dominates short-range transmission [50], occupant density and the 
spacing of rows of desks (and lecture theatre seating plans) are impor
tant considerations when considering risk mitigation in educational 
settings [51]. 

Several large-scale cohort studies have now provided relevant in
sights into the contribution of ventilation in relation to airborne infec
tion transmission risks in European schools. Studies in >240 classrooms 
in Germany, over an entire school year, found that the percentage of 
overall teaching time in which a CO2 value of 1000 ppm was exceeded 
amounted to 24% with natural window ventilation and 21% with a 

central mechanical ventilation system [52]. Significant improvements 
were achieved by installing fan-assisted window ventilation and 
decentralized ventilation systems, with 16% and 11% of the teaching 
time, respectively, showing CO2 values above 1000 ppm [52]. In 
Switzerland, correlations between poorly ventilated classrooms and 
increased SARS-CoV-2 infection rates, were demonstrated in 150 class
rooms [53]. Meanwhile, in over 1400 Italian schools, it was shown that 
mechanical ventilation systems were able to reduce the relative risk of 
students becoming infected, with SARS-CoV-2, by approximately 80%, 
at a ventilation rate of >10 L/s (per person), compared to classrooms 
reliant upon natural ventilation [54]. 

Whilst the added benefits of further reducing pathogenic aerosol 
concentrations are clear, the implications of setting lower CO2 targets as 
a means of achieving this goal need to be considered in a wider context. 
When proposing new IAQ targets and ventilation strategies for schools’ 
complex global issues such as the energy and climate crises need to be 
addressed alongside the need to maintain acceptable levels of thermal 
comfort, whilst safeguarding health, wellbeing, and academic 
attainment. 

Based on the challenges posed by this multi-faceted context this 
study assesses the trade-offs between five alternative (natural, me
chanical and hybrid) ventilation strategies in relation to four key per
formance indicators (ventilation rate, SARS-CoV-2 infection risk, energy 
consumption and thermal comfort) in the context of a European uni
versity seminar room. 

2. Methods 

In the first phase of this study, a seminar room at Graz University of 
Technology was equipped with a novel retrofitted mechanical extract 
ventilation (MEV) system developed by the Max Planck Institute for 
Chemistry (MPIC), Germany, as a means of minimising the risk of SARS- 
CoV-2 transmission in naturally ventilated classrooms [55,56] (see 
Section 2.1 and Appendix A1 for more information). Ventilation air flow 
measurements, air infiltration tests and room Indoor Environmental 
Quality (IEQ) monitoring were then conducted on the assembled system 
(see Section 2.3). Building performance simulations (BPS) were then 
carried out, using empirical data from the experimental setup, in order 
to generate key performance data across an entire year of operation. 
Four further ventilation scenarios (involving natural, mechanical and 
hybrid ventilation systems) were then investigated using the validated 
IDA ICE dynamic simulation software (see Section 2.2). Finally, the 
infection risk associated with the various scenarios was analytically 
assessed based on a method developed by Lelieveld et al. [57] (see 
Section 2.4). 

2.1. Experimental setup 

The room selected for this study is characteristic of many naturally 
ventilated university seminar rooms, designed for approximately 30 
occupants. The room is typically used from 8 a.m. to 5 p.m. for various 
purposes including lectures, workshops, and exams. Thus the room oc
cupancy will vary over the course of a day and also seasonally, and for 
this reason a range of occupancy levels (n = 10, 20 and 30) were 
investigated in this study. 

The seminar room was located on the first floor of a five-storey 
university building constructed in 1994. For the purpose of creating 
an accurate BPS model the dimensions of the building were taken from 
existing plans. Fig. 1 shows the floor plan of the seminar room with the 
MPIC-MEV system overlaid. With rectangular proportions and internal 
dimensions of 6.5 by 8.1 m and a height of 3.05 m (minus three vertical 
columns) the room had a net internal volume of 147.3 m3. One of the 
four walls was an exterior wall facing southwest. Five openable (tilt and 
turn) windows measuring 0.9 by 1.8 m resulted in a window-to-wall 
ratio of 33% (8.1 m2 of 24.7 m2 interior wall). The windows were 
equipped with external horizontal fixed-angle louvers for sun 
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protection, which covered approximately half of the windows’ aperture. 
Heating to the room was generated centrally by a district heating 

system and distributed to the room through two wall mounted radiators 
(1.4 m by 0.5 m) with an estimated design power output of 2350 W each. 
The radiator temperatures were individually controlled by self- 
regulating thermostatic radiator valves (TRVs). The seminar room was 
illuminated with 16 compact fluorescent lamps with an electric power 
consumption of 25 W each (400 W in total, with a 30% convective heat 
fraction). In addition, a ceiling mounted projector with a power con
sumption of 150 W was installed in the room. Resulting in a total in
ternal heat gain of 550 W for lights and equipment. The thermal 
performance of the construction materials was taken from an energy 
certificate issued in 2012. Table 1 shows the thermal properties of the 
construction materials and the corresponding U-values. 

An average infiltration rate of 0.2 h− 1 was determined for the room, 
using measurements taken over an eight-day period. This figure was 
derived from concentration decays of human-generated CO2 in the space 
using the approach described by Persily [58], Turiel and Rudy [59] and 
Cui et al. [60] (this calculation can be found in Appendix A2). 

For the purpose of this study, this naturally ventilated university 
seminar room was equipped with the MPIC-MEV system (for more in
formation and images of the ventilation system see Appendix A1). This 
uses a lightweight duct system connected to an array of extract hoods 
positioned above the desks to extract the stale indoor air to the outside. 
The system is designed to extract stale room-air close to the ceiling and 

supply fresh air nearer to the floor level, through a tilted window. This 
means that the system utilizes the vertical stratification of indoor air and 
heat plumes generated by occupants to directly capture and remove 
respiratory aerosols before they are mixed into the ambient air [56]. The 
displacement effect has been shown to improve the air quality in the 
breathing zone of seated occupants by up to 50% [61]. In the context of 
COVID-19, it has been observed that displacement ventilation provides 
the most effective means of mitigating the risk of long-range trans
mission, if properly designed, since it minimises the mixing of room air 
and promotes the vertical stratification of warm stale air [62,63]. 

2.2. Building simulation and scenarios 

In this study the BPS software IDA ICE 4.8 (2020) [64] was used to 
perform dynamic simulations to evaluate the MPIC-MEV system’s en
ergetic performance as well as the resultant indoor climate. The IDA ICE 
software has been validated according to ASHRAE 140–2004 [65], 
CIBSE TM 33 [66], EN 15255–2007 and EN 15265–2007 [67]. A digital 
building model of the seminar room was created, based upon the real 
building’s dimensions, HVAC systems, lights, external sun protection 
and components. The simulations were carried out for three different 
occupant densities (n = 10, 20 and 30 people). In order to reflect the 
long-term mean climatic conditions in this location a reference year 
weather file was generated using the Meteonorm (version 7.2) software 
[68]. The reference year used in this study was taken from measure
ments at the weather station Graz Thalerhof, which is located approxi
mately 10 km from the considered building. The weather file contained 
12 months of hourly data compiled to represent the mean external 
environment of a long-term observation period (from 1991 to 2019). 
The data was interpolated (using Meteonorm 7.2 software [68]) to the 
precise location of the university building, in order to take into account 
urban heat island effects. The software uses a 3-D inverse distance model 
(Shepard’s gravity interpolation) to calculate meteorological data for 
any chosen location [69,70]. This method is based on the assumption 
that the attributes of two (or more) interpolation points are related, and 
that their influence is inversely proportional to the distance between 
them [71], similar interpolation approaches have been adopted in other 
studies [72,73] in order to more accurately model the localised effects of 
the urban microclimate. A number of different scenarios were simulated 
in order to investigate how different ventilation approaches (including 
natural ventilation strategies) affected the energetic performance, car
bon emissions, indoor climate, and infection risk. The five ventilation 
scenarios (S1-S5) considered are described hereafter and summarised in 
Table 2.  

1. Base Case (BC) 

The base case (BC) assumed a seminar room in which no purposeful 
ventilation measures were taken (i.e. all windows and doors remained 
closed). The main purpose of this scenario was to serve as a worst-case 
comparator for the IAQ and infection risk, and as a best-case scenario 
for heating energy conservation. It should be noted, that whilst empir
ical data shows that such a scenario is not uncommon, it would not 
comply with European ventilation standard EN 16798–1 [42] (or any 
international IAQ standard) and its use as a ventilation strategy is 
therefore not advised.  

2. Max Planck Institute for Chemistry–Mechanical Extract Ventilation 
(MPIC-MEV) 

The second scenario examined the MPIC–MEV system (as described 
in Appendix A1) installed in the seminar room. The air exchange rates 
were measured directly from the installed system along with the influ
ence of the control mechanisms implemented in the simulation (see 
Section 3.1 for the measured air flow rates and control mechanisms). 

Fig. 1. Floor plan of the seminar room showing the layout of the MPIC- 
MEV system. 

Table 1 
Thermal properties of construction materials.  

Structural components U-Value [W/m2K] 

Exterior wall 0.34 
Windows (Uw) 2.00 
Interior walls 1.01 
Interior floors/ ceilings 0.79  
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3. Air Handling Unit – Heat Recovery (AHU-HRV) 

In the third scenario, a conventional decentralized air handling unit 
(AHU) with heat recovery (HRV) was used. An AHU with a nominal air 
flow rate of 0.2 m3/s (i.e. 720 m3/h, at a nominal external pressure of 
200 Pa) was chosen for the simulation [76] as this approximately cor
responded to the air flow rates measured on the MPIC-MEV system in 
scenario 2. Based on a single node room air model (IDA ICE v4.8) the 
supply and exhaust air are assumed to be homogeneously distributed in 
the room with predefined air flow rates depending on the occupant 
density (see Section 3.1 for ventilation rates). During warmer periods 
the HR system was operated in bypass mode. Thus, when the outside air 
temperature exceeded 16 ◦C the extract air was discharged through the 
bypass (avoiding the heat exchanger) in order to prevent unwanted heat 
recovery, which might exacerbate overheating at this time.  

4. Natural Ventilation – Tilted windows (NV-T) 

Scenario 4 examined the ventilation of the seminar room by the 
means of tilted windows. For this case, it was assumed that all five 
windows of the room were continuously tilted (with a maximum 
opening depth of 0.18 m, providing a total window opening area of 0.5 
m2 per window, calculated according to Mourkos et al. [77]) during 
occupied periods (i.e., from 8 a.m. till 12 p.m. and from 1 p.m. till 5 p. 
m.). This scenario was designed to reflect the background ventilation 
which would occur through the use of constantly tilted windows, 
without requiring additional occupant intervention.  

5. Natural Ventilation – Purge ventilation (NV-P) 

Scenario 5 investigated purge ventilation patterns using fully opened 
windows. This strategy was advocated by the German environmental 
agency (German: Umweltbundesamt, UBA) at the outbreak of the 
pandemic. UBA recommended that classrooms should be purge venti
lated at regular intervals, using wide-open windows instead of tilted 
windows [78]. In this scenario it was defined that all five windows of the 
seminar room were fully opened every 20 min for a duration of 4 min 
during the months of October through to April. In the months of May and 
June, when the average daily temperatures were around 17 to 20 de
grees Celsius, the windows were opened for an extended period, of 15 
min, every 20 min to compensate for the reduced air- pressure differ
entials occurring between the inside and outside air masses at this time. 

A summary of the scenarios considered, and the parameters specified 
for the simulations in IDA ICE can be seen in Table 2. 

2.3. Ventilation rates and room CO2 concentration 

The air flow rate measurements were carried out on the experimental 
setup, using a rotating vane anemometer (Testo 417) with an air-cone (i. 
e. funnel) attachment. Since the fan speed was controlled by a 10-step 
potentiometer, the measurements were conducted at the highest (10/ 
10), medium (6/10) and lowest (1/10) fan speeds. These empirically 
determined values for the air flow rate were then implemented as 
ventilation boundary conditions in the IDA ICE dynamic simulation tool 
for scenarios 2 and 3 (see Section 2.2 for information on the dynamic 

Table 2 
List of considered scenarios and simulation parameters.  

Parameters 1. BC 2. MPIC-MEV 3. AHU-HRV 4. NV-T 5. NV-P 

Air flow [L/s(m2)] 0.17a 2.90/4.45b 2.90/4.45b variable c variablec 

Occupancy schedule d e 8 a.m.–12 p.m., 1 p.m.–5 p.m. 
Fan, window, equipm. sched. 8 a.m.–12 p.m., 1 p.m.–5 p.m. 
Fan set-back schedule f – – 7 a.m.-8 a.m. – –    

12 p.m.-1 p.m.   
Number of open windowsg – 1 tilted – 5 tilted 5 fully open 
Fan energy cons. [W] – 47 / 71h 374 – – 
HX thermal efficiency [%] – – 81 – – 
Active internal heat gains 100% of internal gains due to occupants, equipment, light 
Radiator design power [W] 2 × 2350 
Temperature setpoint [◦C] 20 ◦C (using a 2 ◦C P-band for proportional temperature control)  

a Value achieved solely by infiltration, which is not considered purposeful ventilation. 
b See Section 3.1 for the occupancy dependent ventilation control strategies used in scenarios 2 and 3. 
c ‘variable’ because values were determined by IDA ICE tool for transient external/ internal boundary conditions. 
d Metabolic rate of 126 W (sensible and latent heat, at 1.2 met and 70 W/m2) acc. to ISO 7730:2005 [74]. 
e Weekends and holidays (acc. to Austrian university curriculum, i.e. Feb., Jul., Aug., Sept.) lecture free. 
f Set-back rate of one volumetric air change within two hours prior to occupancy (0.5 h− 1) acc. to EN 16798–1:2019 [42]. 
g Total free opening area of 0.5 m2 per tilted window and 1.8 m2 per fully open window. 
h The power consumption of 47 W at 2.90 L/s(m2) and 71 W at 4.45 L/s(m2) was measured on the installed system. 

Table 3 
Limit CO2 concentration according to EN 16798–1:2019.  

IEQ-Categories default design Level ofexpectation 

above outdoor CO2 conc. [ppm]1 Total 
CO2 conc. [ppm]2 

1 550 970 High3 

2 800 1220 Medium4 

3 1350 1770 Moderate 
4 1350 1770 Low  

1 CO2 values correspond to an air flow rate of 10, 7, 4 L/s (per person) for categories 1, 2, 3 
respectively with a CO2 emission of 20 L /h (per person) [42]. 

2 Current outdoor CO2 concentration of approx. 420 ppm [75]. 
3 for occupants with special needs (children, elderly) [42]. 
4 typically applied level of expectation (Pre-COVID-19) [42]. 
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simulation and Section 3.1 for the measured air flow rates and control 
mechanisms). To determine how the measured airflow rates affected the 
IAQ and to find an optimal control strategy for ventilation rates at 
different occupancy levels, an approach described in the European 
standard EN 16798–1: 2019 “Energy performance of buildings – 
Ventilation for buildings” was used [42]. In method 2 of this standard, 
the design ventilation air flow rates are determined in order to meet 
defined categories of indoor environmental quality (IEQ), as listed in 
Table 3. This standard pre-dates the COVID-19 pandemic however, and 
with knowledge of the airborne transmissivity of SARS-CoV-2 higher 
ventilation rates (corresponding to CO2 concentrations at or below 
category IEQ1) have since been recommended, as a prophylaxis measure 
[47,79–81]. 

The ventilation rate Qh [L/s] required to dilute a particular air 
pollutant (i.e. CO2) is assessed based on a mass balance equation (Eq. 1). 
The indoor CO2 concentration was derived from the modelled air flow 
rates, under the assumption of a standard adult CO2 emission rate (of 20 
L/(h per person) for sedentary activities [42,82]). 

Qh =
Gh

Ch,i − Ch,o
*

1
εv

(1)  

where, 
Qh is the ventilation rate required for dilution of the pollutant (CO2) 

[L/s], 
Gh is the generation rate of the substance, assuming a standard CO2 

emission rate of 20 L/(h per person) [42,82], 
Ch,i is the guideline value for the CO2 concentration [ppm], 
Ch,o is the CO2 concentration in the supply air [ppm], 
εv is the ventilation effectiveness (note: augmentation of the venti

lation effectiveness due to displacement ventilation was not included in 
the BPS and infection risk models, see ‘Limitations’ in Section 4). 

2.4. Infection risk assessment 

The risk of infection through aerosol transmission due to the original 
circulating Omicron variant of the SARS-CoV-2 virus was estimated with 
an analytical method developed by researchers from the MPIC, Ger
many, and the Cyprus Institute, Cyprus [57]. The purpose of this 
infection risk calculation was not to accurately predict the probability of 
an individual infection occurring at a given point in time (since this 
would require detailed knowledge of the corresponding time varying 
community prevalence etc). Rather the purpose of this analysis was to 
provide an estimate of the relative infection risk, in order to compare the 
prophylaxis benefits of the different ventilation strategies studied. It was 
therefore assumed that one person present in the room was already 
infected with COVID-19 in each case. The risk of infection was analysed 
for 20 occupants in the room, as this number resulted in a CO2 con
centration compliant with category IEQ1 of EN 16798–1 in scenario 2 
and 3 (see Section 3.1). In this way, the effects of a category IEQ1 
requirement on the incidence of infection was analysed. To evaluate the 

effect of wearing masks, two cases were compared, one where the oc
cupants did not wear masks and another where they wore FFP2 masks. It 
should be noted that the analytical infection risk model assumes that the 
room air and thus the concentration of potentially infectious particles in 
the room is well mixed (thus ignoring the potential benefits of stratifi
cation, see ‘Limitations’ in Section 4). Furthermore, direct infection by 
short-range (i.e. large droplet) transmission is not included in the model. 
Thus, only the indirect (i.e. long range) airborne transmission via 
aerosols is assessed using this method [57]. The analytical method ac
cording to Lelieveld et al. [57,83], along with the associated formulas 
and parameters which were adopted can be found in Appendix A3. 

It has been demonstrated experimentally (using aerosol measure
ments) that the MPIC-MEV system directly captures between 30% (in 
the least favourable case) and up to 60% (in the most favourable case) of 
the potentially infectious aerosols [56]. In this way, the airborne parti
cles are prevented from spreading throughout the room and the risk of 
infection can be further reduced. Thus for the calculation of the infection 
risk in scenario 2, a hood efficiency of 0.3 (see appendix A3) was 
conservatively assumed, which means that in the analytical model 30% 
of the potentially infectious aerosols are assumed to be extracted at 
source by the MPIC-MEV system [57]. The calculations were performed 
for seminar room conditions using volumetric flow rates and boundary 
conditions determined dynamically by the IDA ICE model. 

3. Results & analysis 

3.1. Measured ventilation rates 

The ventilation air flow of the MPIC-MEV system, as measured with a 
rotating vane anemometer showed a flow rate of 215 L/s (774 m3/h) for 
the highest fan speed (10/10), 140 L/s (505 m3/h) for the medium speed 
(6/10), and 90 L/s (322 m3/h) for the lowest speed (1/10). By 
substituting these values into (Eq. 1) (Section 2.3) according to Method 
2 of EN 16798–1 [42], the IAQ can be assessed as a function of the CO2 
concentration. Fig. 2 shows the indoor CO2 concentration curves as a 
function of the ventilation rate for three different levels of occupancy (n 
= 10, 20, 30). The airflow rates for the middle (blue arrow) and 
maximum fan speeds can be seen in Fig. 2 (orange arrows). At the 
maximum fan speed an airflow rate of 215 L/s, compliant with EN 
16798–1:2019 category IEQ1 was met for 10 (21.5 L/s (per person)) and 
20 occupants (10.8 L/s (per person)) in the room. For 30 occupants (7.2 
L/s (per person)), only category IEQ2 could be ensured. To compensate 
for unnecessary ventilation heat losses (due to over-ventilation) at low 
occupancy (n = 10), it was decided to operate the fan at a medium speed 
with 140 L/s for 10 people (i.e. 14.0 L/s (per person)) in the room. In this 
way, the air exchange rate was reduced without compromising category 
IEQ1 for air quality. Identical operating conditions were implemented in 
the IDA ICE simulation for scenarios 2 (MPIC-MEV) and 3 (AHU-HRV) to 
ensure like-for-like comparisons between the hybrid and mechanical 
systems. 

Fig. 2. Indoor CO2 concentration [ppm] curves in relation to ventilation rate [L/s] under three occupancy levels (10, 20 and 30 persons) and EN 16798–1:2019 
threshold limit CO2 concentration [ppm]. 
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3.2. Building simulation results 

3.2.1. Ventilation rates 
The air flow rates for the different ventilation strategies were 

calculated using the IDA ICE software based on the site specific weather 
file (see Section 2.2). Significant variability in the natural ventilation 
flow rates, can be seen corresponding to natural variations in the pres
sure differential at the window opening. Fig. 3 shows the temporal 
evolution of the air flow rates over the course of two selected days, to 
illustrate the differences between the coldest (12th January) and 
warmest (30th June) days of the year. 

It was determined that in the hybrid and mechanically ventilated 
scenarios 2 (MPIC-MEV) and 3 (AHU-HRV), the air flow remained 
almost constant throughout the year (as might be expected using me
chanical driving forces). In contrast, in the naturally ventilated scenarios 
4 (NV-T) and 5 (NV-P), the air exchange rate was highest during periods 
with cold temperatures and decreased during periods with warmer 
temperatures. The reason for this is that the air flow in naturally 
ventilated rooms is predominantly driven by wind and thermal buoy
ancy and is proportional to the square root of the total pressure differ
ence [84], [85, p. 16.13]. Since wind and temperature differences tend 
to be greater in winter, the natural driving forces that move the air are 

Fig. 3. Temporal profile of room air flow rates on two design days: 12th January - coldest day (top) and 30th June - warmest day (bottom). Note: (i) the blue line 
(MPIC-MEV) is directly beneath the dashed orange line (AHU-HRV) (ii) results for average days in heating and cooling season can be found in Appendix A4. Grey bars 
indicate the lunch break period (12:00–13:00 h) where the ventilation systems are turned off and the room is empty. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Final energy (heating and electrical) consumption [kWh/m2a] for the five scenarios with three different levels of occupancy (n = 10, 20, 30). 
†Note: Results for primary energy consumption can be found in Appendix A5. 
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stronger at these times [86]. For scenario 4 (with fixed window open
ings) this resulted in over-ventilation during winter and under- 
ventilation during summer conditions. Over-ventilation in winter was 
also the case to a lesser extend for scenario 5 (with purge ventilation), 
with CO2 concentrations reaching values below 600 ppm during some of 
the purge periods (see Section 3.2.4). 

3.2.2. Energy performance 
The annual final (heating and electrical) energy consumption was 

calculated for all 5 scenarios based on three different occupancy den
sities (10, 20, and 30 occupants). Fig. 4 shows the results of the simu
lated final energy consumption for each scenario. Final energy is an 
important metric in the context of educational buildings since it directly 
reflects the metered energy consumption which the end-user pays for 
and forms part of the operational energy rating used in Energy Perfor
mance Certificates (EPC) and Display Energy Certificate (DEC), as 
mandated under national implementation of the recast EPBD [87]. 

Scenario 1 (BC) showed the lowest final energy consumption of 32.7 
kWh/(m2a) – averaged over all three occupancy densities – since in this 
case the windows were never opened during lessons and thus no energy 
was lost through purposeful ventilation. In scenario 2 (MPIC-MEV), a 
final energy amount of 71.0 kWh/(m2a) was consumed on average 
(119% more than the base case 1). Scenario 3 (AHU-HRV) in comparison 
reduced this amount to 51.1 kWh/(m2a) (which was 58% more than the 
BC and 28% less than scenario 2). Despite saving 27.5 kWh/(m2a) of 
heating energy by using heat recovery (under identical boundary con
ditions) cf. MPIC-MEV, these savings were partially offset by the 
increased fan power requirement of scenario 3, which resulted in an 
average of 7.5 kWh/(m2a) higher electricity consumption than in sce
nario 2, producing a net final energy saving of 19.9 kWh/(m2a) corre
sponding to a primary energy saving of 22.8 kWh/(m2a) (see Appendix 
A5). The hybrid (MPIC-MEV) and mechanical (AHU-HRV) ventilation 
strategies showed their highest final energy consumption with 20 oc
cupants in the room. This was due to the higher ratio of air exchange to 
occupants needed to achieve the EN 16798–1 Cat. 1 target cf. 10 or 30 
occupants (see Section 3.1). However, as expected, a steady reduction in 
the auxiliary heating energy demand was recorded as the number of 
students in the room increased. This can be explained by the higher 
internal heat gains from the occupant’s metabolic heat production, 
which corresponded to 126 W (sensible and latent heat) per person at 
1.2 met [74]. Scenario 4 (NV-T) showed the highest average final energy 
consumption with 81.5 kWh/(m2a), approximately 150% more than the 
base case. It was also found that scenario 4 consumed on average 15% 
more heating energy than scenario 2. The difference in heating energy 
consumption between these scenarios resulted from the higher air ex
change rate occurring in scenario 4, as a function of the internal – 

external temperature difference during the cold winter period. Dynam
ically varying the number of tilted windows in the winter period (in 
accordance with the CO2 concentration) may have saved energy whilst 
achieving the targeted ventilation rates, however this was not tested. In 
comparison, some energy savings were obtained in scenario 5 (NV-P) 
due to the more targeted short-term opening of the windows. An average 
energy consumption of 70.3 kWh/(m2a) was determined for scenario 5, 
which was 115% more than in scenario 1 and 14% less than with sce
nario 4 and therefore comparable to scenario 2. Despite similar final 
energy consumption it should be noted that in scenario 2 there was a 
continuous air exchange (and therein contaminant removal) whilst in 
scenario 5 there was only a periodic air exchange every 20 min. It can be 
seen the targeted regulation of the air flow with fans at colder outdoor 
temperatures leads to a net increase in energy efficiency (compared to 
the NV scenarios) – despite the power consumption required by the fans. 

To gain a better insight into the energy consumption of the different 
ventilation systems, the heating load curves were mapped with the 
corresponding outdoor temperatures over the course of the coldest day. 
The results are shown in Fig. 5 for an occupancy of 20 people. 

The maximum heat load was reached on the 12th of January at a 
mean daily outdoor temperature of − 9 ◦C. Even at this temperature, heat 
losses due to infiltration and transmission, during the occupied period, 
in the base case scenario were fully compensated by internal heat gains 
(i.e. when no ventilation measures were taken). Scenario 2 displayed a 
mean heating load of approximately 95 W/m2 during the occupied 
period. With the same air exchange rate, whilst the heating load in 
scenario 3 was greatly reduced (by heat recovery) to an average load of 
16 W/m2. Scenario 4 showed a mean heating load of 107 W/m2. Due to 
the very high air exchange rates during purge ventilation, scenario 5 
showed a fluctuating heating load, with a mean heating load of 70 W/m2 

and peak loads reaching 140 W/m2 over the 8 h period. 

3.2.3. Thermal comfort 
In this section, thermal comfort conditions are assessed in line with 

international standards [42,74] on the basis of the operative tempera
ture, which can be calculated with sufficient approximation as the 
average of the air temperature and mean radiant temperature (when 
internal air speeds are below 0.1 m/s) [88]. The operative room tem
perature was simulated dynamically with IDA ICE. Fig. 6 shows the 
temporal profile of the operative temperature corresponding to the 
respective ventilation strategies over the course of the coldest day (12th 
of January). The results are presented for an occupancy of 20 people 
(since for this occupancy the ratio of the supply air exchange rate to the 
internal heat gains was the least favourable in cold weather). 

At a constant heating setpoint air temperature of 20 ◦C (using a 2 ◦C 
P-band for proportional temperature control) in the simulation, it was 

Fig. 5. Heating load density [W/m2] for 20 occupants, on the coldest day in winter. Note: Results for average days during the heating and cooling seasons can be 
found in Appendix A4. Grey bars indicate the lunch break period (12:00–13:00 h) where the ventilation systems are turned off and the room is empty. 
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found that the average room temperature of the model was strongly 
dependent on the outdoor temperature profile – especially in the natu
rally ventilated scenarios. On the 12th of January at an average outdoor 
temperature of − 9 ◦C, operative temperatures around 23 ◦C were ob
tained for the base case scenario during occupation (as there were no 
purposeful ventilation heat losses). During the occupied period scenario 
2 showed constant temperatures of approximately 19 ◦C throughout, 
thereby maintaining acceptable thermal conditions. This was due to the 

use of demand-oriented ventilation rates combined with the high in
ternal heat gains from 20 occupants. Scenario 3 displayed a constant 
operative temperature of 21 ◦C during the coldest day of the year, thus 
ensuring a comfortable thermal state. Ventilation with tilted windows 
(scenario 4) produced operative temperature values in the range of 15 ◦C 
to 17 ◦C. In contrast, purge ventilation (scenario 5) with intermittently 
open windows caused temperatures to vary significantly (between 10 ◦C 
and 21 ◦C). Both scenarios with natural ventilation consequently 

Fig. 6. Operative temperature [◦C] for 20 occupants on the coldest day in winter. 
Note: Results for average days in heating and cooling season can be found in Appendix A4. Grey bars indicate the lunch break period (12:00–13:00 h) where the 
ventilation systems are turned off and the room is empty. 

Fig. 7. Indoor CO2 concentration [ppm] for 20 occupants on two example design days: 12th of January - coldest day (top) and 30th of June - warmest day (bottom). 
Note: (i) the blue line (MPIC-MEV) is partially concealed by the orange dashed- line (AHU-HRV). (ii) results for an average day during the heating season can be 
found in Appendix A4. Grey bars indicate the lunch break period (12:00–13:00 h) where the ventilation systems are turned off and the room is empty. 
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indicated a significant loss of thermal comfort during the coldest time of 
the winter period. 

3.2.4. Indoor air quality 
The indoor CO2 concentration was simulated dynamically over the 

whole year, based on the assumption of constant CO2 emission rates (see 
Section 2.3). Two design days (12th January and 30th of June) were 
selected to illustrate the effect of cold (− 9 ◦C, daily average external air 
temperature) and warm (27 ◦C, daily average external air temperature) 
boundary conditions (respectively) on the internal room environment. 
The purpose of this analysis was to understand the influence of more 
extreme external conditions on the resultant IAQ. Fig. 7 shows the re
sults of this analysis. 

Note that the indoor CO2 concentration of the base case (black line, 
Fig. 9) is an order of magnitude higher than the other scenarios and was 
therefore mapped onto the secondary y-axis using a different scaling. 
This is the reason for the apparently lower slope of the base case CO2 
concentration when compared to the other scenarios. It was determined 
that in scenario 1, the CO2 concentration increased to over 10,600 ppm 
(at the end of the afternoon) for 20 people due to the lack of ventilation, 
this value far exceeds the ventilation guidelines set out in EN 16798–1 
[42]. The elevated CO2 concentrations observed in scenario 1 result 
from the assumption that only passive ventilation with an infiltration 
rate of 0.17 L/s(m2) (see Appendix A2) is present during an 8-h occu
pancy period. While other studies have found CO2 concentrations above 
4500 ppm [52] and as high as 6000 ppm [89] in classrooms with active 
ventilation, it is important to note that the result of this base case sce
nario serves as a theoretical worst case comparison within the defined 
boundary conditions. It should also be noted that the CO2 values shown 
for scenario 2 do not take into account hood capture effects (i.e. direct 

extraction of CO2) nor displacement effects, which would result in an 
improvement of the ventilation effectiveness due to the supply of fresh 
air near the floor, at low air velocities, combined with the extraction of 
warmer stale air near the ceiling [56], (see ‘Limitations’ in Section 4). In 
scenarios 2 and 3 the airflow was mechanically driven so that constant 
air exchange rates were achieved throughout the year. As a result, sce
narios 2 and 3 showed very similar CO2 concentration trends; with 20 
people present in the room, steady values of about 950 ppm were 
reached, thus complying with the category IEQ1 limits of EN 
16798–1:2019 [42]. Scenario 2, in contrast to scenario 3, achieved a 
greater decrease in the CO2 concentration during the 1-h lunchbreak 
period. This is not an inherent benefit of using an AHU but arose through 
the use of a set-back mode (0.5 air exchanges per hour), which was 
implemented in the conventional AHU (scenario 3) scheduling, in 
accordance with operational guidance in EN 16798–1 [42]. 

Investigation of the IAQ also revealed that the CO2 concentration in 
the naturally ventilated scenarios (4 and 5) was highly dependent on the 
outdoor air temperature. Therefore, IAQ was best in winter when the 
pressure difference between inside and outside (and hence the air ex
change rate) was highest. The opposite was true for warm summer days 
when the wind was weaker and the temperature differences between 
inside and outside were lower. On the 12th of January indoor CO2 
concentrations of approximately 770 ppm were reached in scenario 4. In 
contrast using intermittent purge ventilation (scenario 5) the CO2 con
centrations in the phases in which the windows were closed varied from 
580 to 1450 ppm. On the warmest day of the year (30th of June), with 
20 occupants in the room at an average outdoor temperature of 27 ◦C, 
the indoor CO2 concentrations in scenario 4 ranged from 1000 to 1350 
ppm during the lecture periods. In scenario 5 (using extended purge 
cycles) the values varied between 600 and 1600 ppm. Consequently, 

Fig. 8. Virus concentration [#/m3] as a function of time for 20 unmasked occupants on two example design days: 12th of January - coldest day (top) and 30th of 
June - warmest day (bottom). Grey bars indicate the lunch break period (12:00–13:00 h) where the ventilation systems are turned off and the room is empty. 
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scenario 5 would require a prolonged ventilation duration (i.e. >15 min 
every 20 min) or fully open windows throughout the occupied period to 
maintain adequate IAQ during the warmest days of the summer months. 
Consequently, with full occupancy (n=30) under such conditions it 
might not be possible to maintain the CO2 value below a 1000 ppm 
threshold. 

3.3. Infection risk assessment 

The risk of infection by the original Omicron variant of the SARS- 
CoV-2 virus, under the different ventilation scenarios, were similarly 
analysed for 20 occupants on the two selected design days (i.e. 12th 
January and 30th June). Fig. 8 shows the build-up of virus-containing 
respiratory aerosol concentration in the room air c(t) and Fig. 9 the 
resulting group infection risk as a function of time. The latter is the 
combined probability that at least one susceptible person from any of the 
group members (of n = 20 people) will become infected. In addition, 
Table 4 displays the group risk after an 8-h exposure period, respectively 

for the cases with and without universal FFP2 masking (i.e. irrespective 
of their COVID-19 status with an assumed mask filter efficiency of 70% 
for inhalation and 80% for exhalation [83]). 

Note that, due to the higher viral concentration, the base case (sce
nario 1) is depicted on the secondary axis with a different scaling 
(Fig. 8). Therefore, the slope appears disproportionally low compared to 
the other scenarios. It can be seen that at a constant air exchange rate, a 
state of equilibrium was reached in the virus particle concentration 
present in the room (Fig. 8) analogous to what was determined in the 
simulation results of the indoor CO2 concentration (Fig. 7). Conversely, 
as might be expected, varying air exchange rates were found to result in 
fluctuating virus particle concentrations. 

The results showed the highest risk of infection for scenario 1, as 
there is no active ventilation in the base case. Under this scenario, based 
on an occupancy of 20 persons, there was a probability of 100% that at 
least one person in the room would become infected with SARS-CoV-2 
during the 8-h exposure period. If all people present in the room were 
to wear an FFP2 masks, this value could be reduced to 27%. Scenario 2 
resulted in a risk of 47% without masking and 4% with masking that one 
out of the 20 people present in the room would become infected after a 
duration of 8 h for both the best-case (cold outdoor temperatures) and 
worst-case (warm outdoor temperatures). Despite the same air exchange 
rates as for scenario 2, scenario 3 displayed a slightly higher risk of one 
amongst the 20 occupants becoming infected, with 57% without 
masking and 5% with masking. This difference between scenarios 2 and 
3 can be attributed to the reduced room aerosol emission intensity 
achieved by the distributed (i.e. localised) extraction of potentially in
fectious aerosols using the MPIC-MEV system extract hoods (further 
information on the infection risk model and the and the selected pa
rameters can be found in Appendix A4). 

In contrast the infection risk under the naturally ventilated scenarios 
showed a stronger dependence on the outdoor air temperatures. Due to 

Fig. 9. Probability of at least one infection as a function of time for 20 unmasked occupants on two example design days: 12th of January - coldest day (top) and 30th 
of June - warmest day (bottom). Grey bars indicate the lunch break period (12:00–13:00 h) where the ventilation systems are turned off and the room is empty. 

Table 4 
Infection risk probability [%] for any one individual in a group of 20 people with 
and without universal FFP2 masking after 8 h of exposure on the 12th of January 
- coldest day (left) and the 30th of June - warmest day (right).  

Scenarios Risk for 12th  
of January [%] 

Risk for 30th  
of June [%] 

Without masks With masks Without masks With masks 

1. BC 100 27 100 27 
2. MPIC-MEV 47 4 47 4 
3. AHU-HRV 57 5 57 5 
4. NV-T 42 3 72 7 
5. NV-P 59 5 59 5  

F. Pollozhani et al.                                                                                                                                                                                                                              



Applied Energy 353 (2024) 121961

11

the relatively high air exchange rates with tilted windows, on the 12th of 
January, scenario 4 resulted in a combined risk of 42% without masks 
and 3% with masks. In contrast, with warmer external air temperatures 
in summer, higher values were found with tilted windows due to the 
lower air exchange rate. On the 30th of June an infection transmission 
risk of 72% without masking and 7% with masking for an individual in a 
group of 20 occupants was found. Scenario 5 showed a higher infection 
risk under cold outdoor conditions cf. scenarios 2–4 (see Table 4). This 
was because of the 20-min phases (between purges) in which the room 
was not ventilated at all. During these phases, the concentration of virus- 
containing particles sharply increased (in parallel with the indoor CO2 
concentration) to relatively high values (~10 particles per m3 of room 
air, see Fig. 8). Intensive short-term purge ventilation strongly reduced 
this concentration afterwards so that on average similar infection 
probabilities to scenario 3 were observed. Thus, after an 8-h residence 
time on January 12th an infection risk probability of 59% without masks 
and 5% with masks was seen. Despite lower natural driving forces 
during the summer periods, scenario 5 showed a similar infection risk on 
the 30th of June as on the coldest winter day, which is due to the 
extended summer purge duration time (of 15 min) cf. the 4 min duration 
applied during the winter period. This finding highlights the importance 
of adjusting purge duration intervals in accordance with outside air 
temperatures. 

4. Discussion 

This study made use of building performance simulation combined 
with analytical infection risk modelling to understand the performance 
characteristics of different retrofit ventilation strategies designed to 
mitigate long-range airborne transmission from SARS-CoV-2 in an 
educational setting. Dynamic thermal simulations were carried out for 
five different ventilation scenarios to determine the energy perfor
mance, IAQ and the prevailing operative temperature conditions in a 
university seminar room. The airflow rates provided by the hybrid 
ventilation system constructed in the experimental seminar room were 
empirically measured and then implemented in the building simulation 
model. In addition, the SARS-CoV-2 infection risk was analytically 
assessed, and the results were evaluated in relation to the different 
ventilation strategies considered. Table 5 provides an overview of all 
ventilation measures in relation to the different Key Performance In
dicators (KPI) assessed in this study. 

4.1. Energy performance 

In this heating dominated context (Graz, Austria), it was shown that 
the different ventilation strategies strongly influence the final energy 
performance of the seminar room. Controlling the air exchange rate, 
using either hybrid or purely mechanical means, to maintain an 
appropriate IAQ target can lead to increased energy efficiency (as seen 
in scenarios 2 and 3). Due to the high air exchange rates in the winter 

months, long-term ventilation with permanently tilted windows (sce
nario 4) proved to be inefficient, supporting recommendations for 
improved control of tilted windows (either manually or via the use of 
window actuators) at the coldest times of the year [78]. 

However, it should be noted that final energy is only one metric, and 
whilst it reflects the economic cost of the energy consumed it does not 
necessarily reflect the full energetic or climatic impacts of a given sys
tem. For this reason consideration of the Primary Energy consumed (see 
Appendix A5) as well as the embodied energy (or global warming po
tential) and resources needed to manufacture, maintain, recycle and 
eventually dispose of an air handling unit are important considerations. 
For these reasons further energetic, carbon and global warming poten
tial (GWP) analysis (beyond the scope of this study) is warranted. 

4.2. Thermal comfort 

It was shown that comfortable operative temperatures are met only 
with the targeted control of ventilation. Despite constant fan driven 
ventilation (during the occupied hours) a reasonable indoor climate can 
be maintained (in Graz, Austria), even during the coldest periods of 
winter, with hybrid (scenario 2) and mechanical (scenario 3) ventila
tion. Thus, for scenario 2, at the lowest outdoor temperatures, the 
operative indoor temperatures do not drop below the minimum opera
tive temperature of category IEQ3 (19 ◦C) for indoor environmental 
quality according to EN 16798–1:2019 [42]. In contrast neither natural 
ventilation scenario manages to achieve the conditions required to 
maintain minimum temperatures to comply with category IEQ4 (18 ◦C) 
of EN 16798–1:2019 [42] on cold days when the air exchange rate is 
highest. This indicates that the use of natural ventilation, without 
continuous adjustment or automated mechanisms, to control the fresh 
air supply rate, is likely to compromise thermal comfort at these times. 

4.3. Indoor air quality 

The results of this study show that acceptable IAQ (i.e. not exceeding 
the target threshold value of 1000 ppm proposed in most international 
guidelines [45,78]) and indoor environmental quality of category IEQ1 
(established by EN-16798-1:2019 [42]) cannot be achieved by inter
mittent purge ventilation (scenario 5). Moreover whilst tilted windows 
(scenario 4) can easily meet the IAQ target in winter, this becomes more 
challenging in summer and is likely to require additional turned win
dows to maintain the air quality. In contrast the use of hybrid (scenario 
2) or mechanical (scenario 3) ventilation guarantees that the IAQ targets 
are consistently met year-round (assuming the fans are correctly sized). 

It should be noted that the simulation used in this work assumes that 
windows are correctly opened by occupants according to the established 
ventilation strategies. However, reality has shown that window venti
lation is frequently inadequately operated at colder temperatures in 
favour of thermal comfort [52,90]. Moreover, a study by Helleis et al. 
[56], which analysed different ventilation strategies with regard to IAQ 

Table 5 
Overview of different ventilation measures.  

KPI‘s a 1. BC 2. MPIC-MEV 3. AHU-HRV 4. NV-T 5. NV-P 

Final energy cons. [kWh/(m2a)] 33 71 51 82 70 
Indoor operative temp. on 12.01 [◦C] 23 19 21 15–17 10–21 
Indoor air quality peak winter day [ppm]c 10600 950 950 770 1450 
Indoor air quality peak summer day [ppm]d 10600 950 950 1350 1600 
Inf. risk for group peak winter day [%] b,c 100 47 57 42 59 
Inf. risk for group peak summer day [%] b,d 100 47 57 72 59  

a All results shown have been determined for n = 20 occupants. 
b Probability that at least one susceptible person from the group of n = 20 will become infected (assuming all are unmasked). 
c Peak winter day refers to 12th January (using the EPW TRY climate file for Graz, Austria). 
d Peak summer day refers to 30th June (using the EPW TRY climate file for Graz, Austria). 
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and infection prevention in classroom settings, found similar values for 
the indoor CO2 concentration for both tilted windows and purge venti
lation strategies. However, Helleis et al. have demonstrated consider
ably lower values (under optimal conditions <600 ppm) for the MPIC 
mechanical extract ventilation system (scenario 2). This is attributed to 
the increased ventilation effectiveness associated with incorporation of 
the displacement ventilation effect, whereas a well-mixed air model was 
used, as a conservative assumption, in this work. 

4.4. Infection risk 

It is shown that the CO2 concentration and the infectious virus par
ticle load in the room are closely dependent on the air exchange rate. 
Therefore, the hybrid and mechanically ventilated scenarios (2 and 3) 
show a significantly lower risk of infection due to the continuous fan- 
driven air supply. In comparison, the naturally ventilated scenarios (4 
and 5) exhibit an infection risk profile that is strongly influenced by the 
outdoor air temperature. 

During winter days, when the temperature difference (and the 
resulting air exchange rate) are the highest, lower infection risks can be 
seen than in summer. Although scenarios 2, 3 and (in winter) 4 fulfil the 
IAQ requirements of category IEQ1 of EN 16798–1, the overall risks in 
each scenario remain very high. Even with the best performing hybrid 
ventilation system (MPIC-MEV), assuming that one person in the room is 
infectious, the probability of at least one other person (over an 8-h 
period, in a seminar room with 20 unmasked occupants) becoming 
infected with the original Omicron variant exceeds 45%. This value is 
reduced by an order of magnitude, to approximately 4%, by the addi
tional wearing of FFP2 masks (based on a mask filter efficiency of 70% 
for inhalation and 80% for exhalation [83]). In contrast, a cohort study 
conducted in Italy (involving approximately 205,000 students) 
demonstrated that the probability of infection decreases by up to 80% 
when mechanical ventilation systems with an airflow of >10 L/s (per 
person) are used, compared to natural ventilation (i.e. ventilation 
through infiltration and manual opening of windows) [54]. The differ
ences between the theoretical estimates here and the empirically 
determined values of Buonanno et al. can be explained by the protective 
measures taken and the lower infectiousness of the Delta variant of the 
SARS-CoV-2 virus (predominant at the time of the study) [54] as well as 
the oftentimes insufficient natural ventilation found in the comparator 
schools [53]. Nevertheless, both findings highlight the significant 
benefit of using multiple prophylaxis measures, in combination, when 
community transmission rates are high. 

4.5. Limitations 

It should be noted that the building simulation and infection risk 
models used in this work exclude the modelling of displacement effects 
(i.e. temperature driven buoyancy) which are anticipated to further 
improve the ventilation effectiveness of displacement ventilation (sce
nario 2) by between 25 and 50% [56]. However this effect needs to be 
established empirically under transient boundary conditions (along with 
the temperature dependent hood capture effect), before being reliably 
incorporated into the models in the form of increased ventilation 
effectiveness. Moreover, a higher ventilation effectiveness would ach
ieve similar or better indoor air quality at a lower air change rate, 
thereby reducing the energy costs associated with scenario 2 [91]. 

Although this study focuses primarily on local impacts in one 
seminar room, it is also important to consider educational building as a 
whole, since they typically have lower overall occupancy and ventila
tion rates per square meter. In this larger context, heat losses through the 
building envelope may become a predominant factor. 

The simulation applied in this work assumes perfect installation, 
maintenance, performance, etc. of mechanical systems, as well as the 
timely opening of windows by occupants based on ventilation re
quirements. Reality has shown that mechanical systems are often poorly 

designed, commissioned and operated [92] whilst occupant behaviour 
varies greatly and is difficult to predict, which is why simulated results 
often differ from reality [52]. 

Further, it is important to add that the infection risk model used 
assumes an immunologically naive population (i.e. without acquired 
viral antibodies or T-cell immunity). As a result, actual infection rates 
may be lower at times than estimated here, due to the increased sero
prevalence of antibodies [93,94]. 

It should be noted that the assessment of thermal comfort used in this 
study was based on a single node (centre of room) calculation and that 
higher resolution thermal comfort assessments would be needed to 
assess the thermal comfort response at every seated position in the room. 

5. Conclusion 

In this study, the performance of five different ventilation strategies 
(natural, mechanical and hybrid) was evaluated in terms of key per
formance indicators including energy consumption, thermal comfort, 
CO2 concentration, and SARS-CoV-2 infection risk. 

It was found that a trade-off between acceptable indoor air quality, 
reduced infection risk, thermal comfort and energy efficiency can be met 
throughout the year using either hybrid or mechanical ventilation 
methods which are specifically designed to meet the actual ventilation 
requirements of the space. In contrast, without some form of automated 
control, it is almost impossible for natural ventilation strategies alone to 
fulfil all of these objectives at the same time, due to their high depen
dence on external conditions and occupant behaviour. Moreover, the 
SARS-CoV-2 infection risk modelling showed that without masking or 
additional prophylaxis measures none of the ventilation strategies 
modelled here can achieve safe operating conditions over an 8-h period, 
assuming that an infectious person is already present in the room. The 
results of this study demonstrate the need for a holistic approach to 
HVAC system design, which considers not only the energy efficiency of 
buildings, in relation to heating and cooling needs, but also the complex 
relationships between indoor air quality and associated health factors, 
including the risk of infection from respiratory viruses and impacts on 
thermal comfort. Alongside these factors there are a number of further 
considerations, including air pollution issues, acoustic comfort, whole 
life costs and climate change impacts, which should be considered by 
subsequent studies adopting a holistic multi-criteria decision making 
approach to ventilation design. 
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