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The COVID-19 pandemic caused a paradigm shift in our way of using heating, ventilation, and air-conditioning (HVAC) systems
in buildings. In the early stages of the pandemic, it was indeed advised to reduce the reuse and thus the recirculation of indoor air
to minimize the risk of contamination through inhalation of virus-laden aerosol particles emitted by humans when coughing,
sneezing, speaking, or breathing. However, such recommendations are not compatible with energy saving requirements
stemming from climate change and energy price increase concerns, especially in winter and summer when the fraction of
outdoor air supplied to the building needs to be significantly heated or cooled down. In this experimental study, we aim at
providing low-cost and low-energy solutions to modify the ventilation strategies currently used in many buildings to reduce
the risk of respiratory disease transmission. Measurements of the indoor air bacterial concentration in a typical office building
reveal that ultraviolet germicidal irradiation (UVGI) modules added to the HVAC system are very efficient at inactivating
pathogens present in aerosols, leading to indoor concentrations as low as outdoor concentrations, even with significant indoor
air recirculation. Moreover, measurements of the CO2 and aerosol air concentration reveal that, with air supply vents placed in
the ceiling, placing the air exhaust vents near the floor instead of on the ceiling can improve the ventilation capacity in terms
of effective flow rate, with significant consequences in terms of energy savings.

1. Introduction

Heating, ventilation, and air-conditioning (HVAC) systems
aim at providing safety against high CO2 and volatile
organic compound (VOC) concentrations, as well as com-
fortable temperature and relative humidity levels, e.g., for
employees working in office buildings as well as students
and teachers in classrooms. With the COVID-19 pandemic,
new hygienic concerns emerged and the importance of
minimizing the risk of respiratory disease transmission in
buildings was raised. Virus-laden airborne aerosols, which

are typically between 0.1 and 10 μm in size and remain in
suspension in the air after being produced by humans when
speaking, coughing, and sneezing [1–15], have indeed been
found to be one of the major transmission routes of the
SARS-CoV-2 virus and other viruses [16–26]. The risk of
transmission therefore correlates with the rate at which
indoor air is replaced by “clean” (outdoor or decontami-
nated) air by the building’s ventilation system. While only
outdoor air supply was advised during the COVID-19
pandemic, with minimum indoor air recirculation to avoid
aerosol spreading and accumulation [19], such strategy
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clashes with sustainability requirements since the heating or
cooling of outdoor air represents a large fraction of the total
energy consumption of buildings, which is over one-third of
society’s global energy consumption [27]. Therefore, other
solutions must be explored to reduce the risk of respiratory
disease transmission in an ecologically acceptable way.

Historically, the first HVAC systems had minimal recir-
culation and maximum supply of outdoor air, offering a
good protection against potential virus-laden aerosols, as
well as CO2 and potential organic volatile compounds
(VOCs). After the first oil crisis, more indoor air recircula-
tion was needed to reduce energy costs. This led to health
problems referred to as the “sick building syndrome” such
as eye and upper respiratory symptoms attributed to high
CO2 concentrations [28]. Generic air filters such as F5/F7
are often introduced to improve indoor air quality, but to
trap all aerosols, finer HEPA filters are needed [29]. This
suggests that, with insufficient air treatment, indoor air
recirculation can lead to virus accumulation in buildings.
Thermal wheels were therefore introduced in the 1990s to
minimize recirculation and increase the supply of fresh air
from outside, which is now heated by the warm exhaust air
from the inside without physical contact between the two
air streams. However, in addition to their high construction
costs and maintenance levels, these energy recovery heat
exchangers are known to leak and send some indoor air back
into the building (“carry-over” effect) [30–32]. Hence,
assuming that even a small fraction of virus recirculation is
problematic, thermal wheels may not be the solution to opti-
mize protection against viruses.

A promising solution for optimizing the hygienic quality
of indoor air while keeping the economical and ecological
benefits of air recirculation lies in the deactivation of patho-
gens via chemical [33], plasma [34, 35], or short ultraviolet
(UV-C) [36, 37] air treatment. Air cleaning modules can
either be inserted in the HVAC system to treat recirculating
indoor air before it is reinjected into the room or can be
added to the room in the form of mobile units. Recent
studies suggest that plasma-based mobile air-cleaning units
can be used to reduce aerosol concentrations in different
conditions such as outpatient clinics [38] and gyms [39].
Ultraviolet germicidal irradiation (UVGI), which has first
been used to purify (drinking) water during the fight against
tuberculosis, for which Niels Ryberg Finsen received the
Nobel Prize in Medicine in 1903, has also been used to
purify air in operation rooms [40]. Since then, UVGI has
been widely documented [41–44] and was proven effective
also against coronaviruses [45, 46]. In the context of indoor
air treatment, the effectiveness of UVGI cannot be tested by
aerosol concentration measurements since UVGI can only
deactivate pathogens contained in aerosols but does not
remove aerosols from the air. However, in spite of its great
potential, affordability, and low maintenance requirements,
experimental studies on the efficiency of this technology in
the context of indoor air quality in buildings are still lacking
to date.

In addition to hygienic air treatment, the ventilation
capacity is the key to reduce the risk of both short-range
(via turbulent respiratory plumes emitted, e.g., when cough-

ing or sneezing [5, 47–49]) and long-range (after dilution
and mixing in the room) disease transmission. In principle,
long-range transmission can be reduced by increasing the
ventilation power, which involves energy costs, or by
improving the air distribution via wise placements of the
air supply and exhaust vents to minimize pathogen concen-
trations in the breathing zone of occupants [27, 50–55]. In
addition, future ventilation designs could rely on personal-
ized ventilation concepts with clean air supplied near
occupants [27, 56]. However, a key question that, to our
knowledge, has not been addressed to date is whether the
ventilation capacity, for example indexed by the CO2 or
aerosol elimination rate, can be improved by modifying the
air distribution strategy.

In this experimental study, we explore the potential of (i)
UVGI air treatment on the hygienic indoor air quality in an
office building with partly recirculated indoor air and of (ii)
air distribution optimization on the real ventilation capacity.
Both aspects are aimed at providing further insights into
finding low-cost and energy-saving solutions to adapt the
ventilation systems currently used in many buildings, in
order to reduce the risk of respiratory disease transmission.
We start by reiterating a simple model correlating indoor
CO2 and aerosol concentrations with the ventilation capacity
in Section 2. Our employed experimental methods are then
presented in Section 3, and the results are presented in
Section 4 and discussed in Section 5.

2. Model

The model derived in this section will be used in Section 4 to
estimate the effective ventilation flow rate from CO2 and
aerosol concentration measurements. The room concentra-
tion of a gas or substance in suspension in the air, such as
CO2 or aerosols produced by humans (neglecting other
sources), evolves over time and depends on the number of
people present in the room and on the rate at which air is
replaced by new (fresh or recirculated) air via the ventilation
system. We recall here the simplest model for a well-mixed
room [57] equivalent to a continuous stirred tank reactor
[58] which assumes a homogeneous room concentration
and which is the basis of the well-known Wells-Riley model
for airborne disease transmission [59, 60]. Because of
filtration (via face masks [61–63] or HEPA filters) and
sedimentation-induced deposition on surfaces [3, 8, 49, 64,
65] affecting specifically airborne aerosols, the evolution in
aerosol concentration may differ from that of CO2 [66–70].
These effects are neglected here for simplicity and aerosols
and CO2 are treated equally. We also neglect the natural
[64, 71–73] or active (via UVGI in our case) deactivation
of pathogens contained in aerosols since we aim at describ-
ing the concentration of aerosols only and not that of active
pathogens themselves.

The situation is described in Figure 1(a) where the air
entering the room from supply vents consists of a fraction
x of fresh outdoor air and a fraction 1 − x of recirculating
indoor air captured by the exhaust vents before reentering
the room after circulating through the AHU (air handling
unit). The concentration C of either CO2 or aerosols in a
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room of volume V with N people, each of them breathing at
mass flow rate q, is set by the ventilation mass flow rate Q via
the differential equation

dC
dt = λ Ce − C + αCb½ �, ð1Þ

where Ce and Cb are the CO2 or aerosol concentrations in
the outdoor air and in human breath, respectively. Here,
we have introduced the air exchange rate

λ = xQ
V

, ð2Þ

and the ratio

α = Nq
xQ

, ð3Þ

of people vs. ventilation flow rate, which is typically α≪ 1 in
office buildings, as must be assumed to derive equation (1).
The general solution of equation (1) is

C tð Þ = C∞ + C0 − C∞ð Þe−λt , ð4Þ

where C0 is the initial concentration at t = 0, and where the
concentration C∞ reached at times t≫ λ−1 is given by

C∞ − Ce =
NqCb

xQ
= αCb: ð5Þ

Equations (2) and (5) show that both the equilibrium
concentration difference C∞ − Ce and the characteristic time
λ−1 needed to reach it are inversely proportional to xQ
which, from a purely hygienic perspective, needs to be as
high as possible to minimize the risk of airborne disease
transmission. However, from an energy saving perspective,
x and Qmust remain reasonably low to minimize the energy
cost of heating (in winter) or cooling down (in summer) the
fresh outdoor air supplied to the room.

3. Materials and Methods

Experiments are performed in a so-called open plan office
building in Wierden, Netherlands, consisting of a 435m2 open
space with ceiling height 2.6m sketched in Figure 2(c)which
features the position of air supply and air exhaust vents. In this
office, 20 to 40 employees from the company “Brand Builders,”
male and female aged between 18 and 70, work with continu-
ous communication with each other, whichmay include speak-
ing with raised voices. Employees do not have any obligation to
wear a face mask and are asked to keep windows and doors
shut, regardless of weather conditions.

Air is supplied to the room via 25 supply vents placed in the
ceiling and exhausted via 15 exhaust vents placed either in the
ceiling, via open traps of the dropped ceiling, or near the floor
via tubes carrying the air above the dropped ceiling. These two
different air distribution strategies, labeled “overhead” and
“downflow,” respectively, are sketched in Figures 1(b) and
1(c). In the overhead strategy, where the tubes are closed, the
ceiling traps placed above these tubes are opened while, in the

Outdoor air
Sterilized air

Supply vent

Exhaust vent

Aerosols

Contami-
nated air

UV module

(a)

Overhead

Aerosols

(b)

Downflow

Aerosols

(c)

Figure 1: (a) Sketch of the ventilation system. (b, c) Sketch or the air flow (arrows) in an overhead (b) and downflow (c) air distribution
strategies. Two employees are sketched, one producing aerosols (circles) via coughing or sneezing and the other potentially breathing
them. Note that the specific case sketched here is not representative of all possible scenarios, e.g., with different positions of employees
relative to supply and exhaust vents.

3Indoor Air



downflow strategy, all ceiling traps are closed and the tubes
are open.

While breathing or speaking, humans produce aerosols
as well as CO2 which, when other potential sources are
negligible, are good indexers of the indoor air quality.
Hence, the office room in Wierden is equipped with 12
CO2 (MH-Z19B) sensors and 5 air quality (SDS011) sensors
placed on office desks and on the walls, either near the floor,
at desk level, or near the ceiling. The air quality sensors
measure the concentration of particulate matter of size less
than 2.5μm (PM2.5) and less than 10μm (PM10) in the
range 0-999.9μg/m3 with a precision of 0.3μg/m3. Addition-

ally, one CO2 and one particle sensor are placed outside of
the room to compare CO2 and particle levels in the room
with outdoor levels. We choose a time resolution of one data
point per minute for all sensors.

A direct measurement of the flow rate delivered by each
supply vent was performed using an anemometer, yielding a
value of the total ventilation flow rate of Qmax = 6260m3/h
by summing over all supply vents. This value was measured
at full ventilation capacity of the HVAC system. However,
due to potential “shortcuts” between supply and exhaust
vents, the effective air exchange rate λ might be less than
the optimal value λmax = xQmax/V expected from an ideal
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Figure 2: (a, b) Time evolution of the absolute (a) and renormalized (b) CO2 concentration in a HADR experiment where ventilation is
turned on at t = 0, for different sensors for both overhead and downflow air distribution strategy. (c, d) Map of the effective flow rate Q
measured for all sensors in overhead (c) and downflow (d) air distribution strategies. The zone outlined in red is the room where
experiments were carried out; all doors leading to other rooms were closed. The position of supply vents in the ceiling, of exhaust vents
in the ceiling (c) or near the floor (d), and of sensors at desk level or near the ceiling or floor is shown by symbols presented in the
legend. The sensor symbols are colored based on their Q value following a code from blue (low Q) to red (high Q). A scale is shown in (d).
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ventilation capacity (see model in Section 2). This can be
easily understood by considering that the CO2 or aerosol
concentration in the air exhausted via exhaust vents can
indeed be lower than the average concentration across the
room. Since the importance of these shortcuts depends on
the position of the exhaust vents relative to the supply vents,
different air distribution strategies are expected to yield differ-
ent effective air exchange rates. In the following, results will be
presented in terms of an effective flow rate Q = λV/x based on
the measured CO2 or aerosol elimination rate λ.

Two types of measurements are performed to estimate
this effective available flow rate Q for both overhead and
downflow air distribution strategies. The first consists of
continuous measurements of the CO2 and aerosol concen-
tration in the room over several days between May and Sep-
tember 2022 and using the equilibrium concentration C∞ to
estimate Q for different air distribution strategies using
equation (5), knowing the number of employees N in the
rooms every day. These measurements are performed at full
ventilation capacity with x = 30% of supplied outdoor air.

The second and more straightforward approach consists in
partially filling the room with either CO2 or aerosols at a suffi-
ciently high initial concentration C0 before turning the ventila-
tion on at full capacity with a fraction x = 100% of outdoor
supplied air (no recirculation) and without any employee in
the room (N = 0), in which case, the concentration is expected
to decrease exponentially from C0 to Ce at a rate λ =Q/V from
which Q can be calculated (see the model in Section 2). These
experiments will be referred to as HADR (hygienic air delivery
rate) measurements as they aim at measuring the effective rate
Q at which the air in a room is replaced by “fresh” air through
the ventilation system. These HADR measurements were
performed on Saturday, November 12th, 2022, for CO2 and
Saturday, September 3rd, 2022, for aerosols, testing both over-
head and downflow air distribution strategies on the same day
in both cases. For CO2 measurements, the room was filled with
CO2 by sublimating a few kilograms of dry ice, pouring warm
water on it to accelerate the sublimation process. For aerosol
measurements, the room was filled with aerosols by spraying
a liquid with a special spray nozzle provided by Medspray.
The size distribution of droplets (before evaporation) and aero-
sols (after evaporation) was measured by a laser diffraction
technique provided by Malvern Panalytical (Spraytec). The
average droplet and aerosol diameters are 7 and 4μm, respec-
tively, when spraying at a flow rate of 34ml/h, from which
we estimate that 3 · 109 droplets/aerosols are produced per
minute. The sprayed liquid consists of water with 1wt% glyc-
erin and 0.5wt% NaCl so that, after water has evaporated, the
glycerin and NaCl core remains in the form of an aerosol par-
ticle. Fans were used to homogenize the concentration during
dry ice sublimation and aerosol spraying and were turned off
before starting the experiments, i.e., before turning the ventila-
tion system on.

The building’s HVAC system, which does not include a
thermal wheel or HEPA filters, is equipped with an ultraviolet
germicidal irradiation (UVGI) system provided by Virobuster
placed before the outdoor air injection point so that recirculat-
ing indoor air is treated before reentering the room, as
sketched in Figure 1(a). The UVGI module is about 1m long

and exposes the circulating air to UV-C light of wavelength
254nm with an intensity around 600 J/m2. To test the effi-
ciency of this technology on the air quality, air samples were
collected every week on Friday morning between May and
September 2022 (in parallel with continuous CO2 and aerosol
concentration measurements) by a certified validation com-
pany at five different locations across the room, the same loca-
tions every week, at heights 0.4m, 0.75m, and 2m from the
floor. The air sampling protocol consists of creating a 6m3/h
air flow through a Sartorius gelatin filter with 0.3μm pores
for 10 minutes during which employees were asked to not
approach the sampling locations. Two additional air samples
were collected, one outside to compare indoor air quality with
outdoor and one in the air handling unit, after the UVGImod-
ule and before the outdoor air injection point, to check
whether the air leaving the module is significantly affected
by the UV-C treatment. The results for every sample are
expressed in terms of a number of colony forming units
(CFU), including both bacteria and fungi, the two being easily
distinguishable. Measurements are organized in sets of at least
two weeks corresponding to either overhead or downflow air
distribution strategies, each strategy being tested with UVGI
either turned on or turned off at full ventilation capacity with
x = 30% of outdoor supplied air.

4. Results

4.1. HADR Experiments. The results of HADR measure-
ments for CO2 are presented in Figure 2(a) for both over-
head and downflow distribution strategies where, starting
from a high initial CO2 concentration C0 of ranging between
1500 and 2000ppm, the concentration drops down to equi-
librium values C∞ around 400 ppm, close to the outdoor
concentration. The rate at which the concentration decreases
varies among different sensors placed at different locations
across the room. Renormalized decay curves ðC − C∞Þ/ðC0
− C∞Þ are compared in Figure 2(b). We find that (i) the
decay is exponential, in agreement with the model presented
in Section 2, allowing measurement of the air exchange rate
λ =Q/V (x = 1 here since there is no indoor air recircula-
tion) from which the effective flow rate Q is calculated for
each sensor and that (ii) this effective flow rate is generally
larger in downflow than in overhead. Only a few sensors
representative of the range of Q values measured across the
room are shown in Figures 2(a) and 2(b) for clarity. In
Figure 2(b), we focus on the early times used for the expo-
nential fit.

The difference between the two air distribution strategies
is illustrated by the maps of Figures 2(c) and 2(d), showing
the position of supply and exhaust vents in the room, as well
as the position of CO2 sensors which are colored based on
their respective Q value in overhead (Figure 2(c)) and down-
flow (Figure 2(d)) strategies. We observe that the Q value
measured for almost every sensor is larger in downflow than
in overhead. The maps also reveal inhomogeneities, for
example, with a less well ventilated region at the bottom left,
with no significant differences between sensors placed at
different heights.
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Averaging over all sensors leads to effective flow rates
hQi = 4260m3/h in overhead and 4930m3/h in downflow
with a standard variation of about 600m3/h in both cases.
These values are 32% and 21% smaller than the maximum
flow rate Qmax that would be reached in the absence of short-
cuts in the air flow, respectively, meaning that adopting a
downflow air distribution strategy reduces the importance of
these shortcuts by improving the effective average available
flow rate hQi by 16% compared to overhead.

Similar results are found for aerosol HADR measure-
ments, as shown in Figures 3(a) and 3(b) presenting the
decay curves of the concentration in aerosols of size less than

2.5μm (PM2.5) and 10μm (PM10), respectively, in a down-
flow air distribution strategy. Note that the initial concentra-
tion C0 reached before turning the ventilation on is larger for
PM10 than for PM2.5, meaning that the spraying technique
used to fill the room with aerosols produces more particles
of size larger than 2.5 μm. As shown in the maps of
Figures 3(c) and 3(d), like for CO2, the effective flow rate
Q calculated from these exponential decay curves is larger
in downflow than in overhead for all sensors. Averaging over
all sensors leads to effective flow rates hQi = 4180m3/h
in overhead and 5390m3/h in downflow for PM2.5 and
hQi = 4240m3/h in overhead and 5660m3/h in downflow
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Figure 3: (a, b) Time evolution of the concentration of aerosols of size less than 2.5 μm (PM2.5) (a) and 10μm (PM10) (b) in a HADR
experiment where ventilation is turned on at t = 0, for different sensors in a downflow air distribution strategy. (c, d) Map of the effective
flow rate Q measured for all sensors in overhead (c) and downflow (d) air distribution strategies for aerosol of size less than 10 μm
(PM10). The zone outlined in red is the room where experiments were carried out; all doors leading to other rooms were closed. The
position of supply vents in the ceiling, exhaust vents in the ceiling (c) or near the floor (d), and sensors at desk level or near the ceiling
or floor is shown by symbols presented in the legend. The sensor symbols are colored based on their Q value following a code from blue
(low Q) to red (high Q).

6 Indoor Air



for PM10, with standard variations of about 400m3/h in
all four cases. This means that adopting a downflow air
distribution strategy improves the effective flow rate by
about 30% for aerosols, compared to overhead, which
is a more pronounced improvement than for CO2.

Flow rates and improvement percentages are presented
in Table 1. The more pronounced improvement observed
for aerosols compared to CO2 suggests that, in addition to
the reduction in air shortcuts between supply and exhaust
vents affecting both CO2 and aerosols, a downflow air

Table 1: Effective flow rates Qmeasured from HADRmeasurements (no employees in the room) with CO2 and aerosols (PM2.5 and PM10)
and from continuous CO2 measurements (employees in the room) for overhead and downflow air distribution strategies. The last line shows
the improvement of downflow compared to overhead in percentage. In the absence of shortcuts, the measured flow rate should be equal to
the optimal value Qmax = 6260m3/h measured with an anemometer.

HADR CO2 Cont. CO2 HADR PM2.5 HADR PM10

Qmax (m
3/h)-optimal 6260 6260 6260 6260

Q (m3/h)-(O)verhead 4260 4260 4180 4240

Q (m3/h)-(D)ownflow 4930 4670 5390 5660
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0 244 8 12

Time (hours) since midnight on Tue. 21/06

16 20

400

500

600

700

800

900

CO
2 co

nc
en

tr
at

io
n 
C

 (p
pm

)

Averaging
window

7
6
8
5
10
9
4

Sensor

Outdoor

(a)

28 28 24 26

# Employees present

24 0 0

Mon.
20/06

Tue.
21/06

Wed.
22/06

Thu.
23/06

Fri.
24/06

Sat.
25/06

Sun.
26/06

400

500

600

700

800

900

CO
2 co

nc
en

tr
at

io
n 
C

 (p
pm

)

(b)

0 244 8 12

Time (hours) since midnight on Tue. 28/06

16 20

400

500

600

700

800

900

CO
2 co

nc
en

tr
at

io
n 
C

 (p
pm

)

7
6
8
5
10
9
4

Sensor

Outdoor

(c)

# Employees present

26 27 25 27 22 0 0

Mon.
27/06

Tue.
28/06

Wed.
29/06

Thu.
30/06

Fri.
01/07

Sat.
02/07

Sun.
03/07

400

500

600

700

800

900

CO
2 co

nc
en

tr
at

io
n 
C

 (p
pm

)

(d)

Figure 4: Time evolution of the CO2 concentration in the room for different sensors over one working day (a, c) and one full week (b, d)
with overhead (a, b) and downflow (c, d) ventilation strategies. The number of employees present in the room every day is indicated in the
top x-axis in (b) and (d) which correspond to two consecutive weeks from June 20th to June 26th (b) and from June 27th to July 3rd (d) and
(a) and (c) corresponding to Tuesday of each of these two weeks. The equilibrium concentration C∞ is calculated by averaging over all
indoor sensors between 11 am and 4 pm. While the real time resolution is one data point per minute, we only show enough points to
see the trend in this figure.
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distribution strategy also enhances the elimination rate of
aerosols via a second aerosol-specific mechanism. A possible
interpretation is that, when being forced towards the floor,
aerosols are more likely to be deposited on surfaces as they
encounter more obstacles such as tables, chairs, and other
furniture, which would also occur in the absence of ventila-
tion due to gravitational sedimentation [49].

4.2. Continuous Concentration Measurements. The time
evolution of the CO2 concentration during normal working
days with employees present in the room is shown over
one day (Figures 4(a) and 4(c)) and over one week
(Figures 4(b) and 4(d)) for an overhead (Figures 4(a) and
4(b)) and downflow (Figures 4(c) and 4(d)) air distribution

strategy. The indoor concentration starts increasing at
around 8 am and start decreasing at around 5 pm, consistent
with typical working hours, while the outdoor CO2 concen-
tration increases slightly during the night and decreases in
the morning, consistent with the plant breathing cycle
(CO2 release during the night and capture during the day).
We can therefore correlate the indoor CO2 concentration
with the presence of people. However, as shown in
Figures 4(b) and 4(d) where the number of employees pres-
ent each day is indicated on the top x-axis, the indoor CO2
concentration does not correlate perfectly with the number
of employees present, probably due to some employees par-
tially working outside of the main room where the concen-
tration was measured (i.e., outside of the region outlined in
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Figure 5: (a) Number of bacteria CFU, in log scale, measured outdoor (green), at five locations inside the room (red or blue) and just after
the UVGI module (yellow or cyan) for 5 weeks where UVGI was turned off (red and yellow) and 7 weeks where it was turned on (blue and
cyan), each case being tested with overhead (O) and downflow (D) air distribution strategies. (b) Averaged bacteria CFU normalized by the
outdoor value, in lin scale, with the same color code as in (a). Error bars correspond to the standard variation over different weeks.
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red in Figures 2(c) and 2(d) and 3(c) and 3(d)). For that rea-
son, estimating the effective flow rate for the two air distri-
bution strategies using equation (5), where C∞ is estimated
by averaging between 11 am and 4 pm, averaging over sev-
eral days for each strategy, yields significant standard devia-
tions. Using Cb = 40,000ppm and q = 220 l/h gives average
values hQi = 4260m3/h in overhead and 4670m3/h in down-
flow with standard variations of about 1300m3/h in both
cases, which is larger than the 10% improvement of down-
flow compared to overhead estimated from these values,
shown in Table 1. We therefore believe that HADR measure-
ments are a more reliable way to measure the effective flow
rate and to detect differences between different air distribu-
tion strategies.

Our measurements show that the average aerosol concen-
tration was typically between 3 and 6μg/m3 for PM10 and
between 1 and 3μg/m3 for PM2.5, for all sensors, both on
weekends and working days; the variations are due to the var-
iations in outdoor fine dust concentrations. During working
days, we observe peaks up to 20μg/m3 (PM10) and 8μg/m3

(PM2.5) lasting less than 20 minutes appearing on different
sensors at different times; these are likely due to people pro-
ducing aerosols. However, not enough aerosols were produced
to significantly raise the average aerosol concentration above
the background value, and we concluded that the CO2 concen-
tration was better correlated with the presence of people in the
room. We consequently decided to not use our continuous
aerosol measurements to estimate the effective flow rate, but
rather the continuous CO2 measurements.

4.3. Effect of Ultraviolet Germicidal Irradiation. The results
of the air quality measurements carried out on Friday every
week are shown in Figure 5(a) where the number of bacteria
colony forming units (CFU) is measured outdoor (green), at
five locations inside the room (red or blue) and just after the
UVGI module (yellow or cyan) is shown for 5 weeks where
UVGI was turned off (red and yellow) and 7 weeks where it
was turned on (blue and cyan), each case being tested with
overhead and downflow air distribution strategies. We
observe strong variations of both outdoor and indoor air
qualities between different weeks, with numbers of bacteria
CFU ranging typically between 10 and 1000 for outdoor
air samples. This is not surprising since the presence of bac-
teria in the air is expected to depend on the temperature and
relative humidity [74, 75]. Days of high outdoor bacterial
concentration also show high indoor bacterial concentration
when the UVGI module was off. Hence, for every measure-
ment day, we normalize the indoor air quality, quantified by
the number of bacteria CFU, measured at different locations
in the room and after the UVGI module, by the outdoor air
quality. Strong air quality variations are observed for differ-
ent air sampling locations in the room for a given day, the
location of the worst measured air quality not being the
same every week. This is not surprising since the amount
of bacteria in the air at a given location can vary significantly
depending on the presence of nearby sources such as plants
or food whose location can vary from day to day. Hence, we
average over all five locations in the room for every measure-
ment day to obtain an average room air quality.

The final results are presented in Figure 5(b) where the
air quality in the room and after the UVGI module is com-
pared to the outdoor air quality. We average over weeks cor-
responding to the same air distribution strategy (overhead or
downflow) for the air quality in the room and over all weeks
for the air quality after the UVGI module, distinguishing in
both cases between weeks where the UVGI was turned on
(blue and cyan) and weeks where it was turned off (red
and yellow). The error bars represent the variation over
different weeks. These results show a strong improvement
of the air quality in the room when UVGI is turned on,
typically by a factor two, making indoor air almost as clean
as outdoor. This is confirmed by the sharp reduction in
bacterial count after the UVGI module when it is turned
on. No significant difference is measured between the two
air distribution strategies.

5. Conclusions and Discussions

Our experiments confirm that ultraviolet germicidal irradia-
tion (UVGI) technologies can significantly improve the
indoor air quality in buildings when indoor air is partly rein-
jected in the room via recirculation, bringing the level of
active airborne bacteria almost as low as in the outdoor air.
Since viruses are much weaker than bacteria and since the
UV-C intensity of around 600 J/m2 of the UVGI technology
used in this study surpasses the required 90% inactivation
energy of SARS-CoV-2 (27 J/m2 [46]), it can be assumed that
the level of active airborne viruses will also be significantly
reduced after UVGI treatment. Hence, assuming a virus-
free outdoor air, the risk of airborne contamination is signif-
icantly reduced. We therefore conclude that energy saving
requirements, from which air recirculation is encouraged,
can be reconciled with hygienic requirements when properly
treating the air reinjected in the building.

The effective flow rate Q, or equivalently the effective air
exchange rate λ, available to replace indoor air with “clean”
(outdoor or treated indoor) air was shown to be systematically
less than the flow rate expected from direct measurements of
supply vent delivery. This is caused by “shortcuts” in the global
air flow of the room between supply and exhaust vents, which
cause the air being exhausted to be more similar to the clean
supplied air than to the average air in the room, either in terms
of CO2 or aerosol concentration or, consequently, in terms of
temperature and humidity. While air bacterial concentration
measurements did not allow us to rank the two different air
distribution strategies tested (overhead and downflow), a clear
improvement of up to 30% was measured in the effective air
flow rate Q for downflow compared to overhead, proving that
supply-exhaust air shortcuts can be significantly minimized by
changing the air distribution strategy. Future work is needed
to characterize the optimal position of inlet and exhaust vents
to minimize these shortcuts and to compare a downflow situ-
ation to the reverse case (not considered in the present study)
where air is supplied from the floor and exhausted from
the ceiling.

The improvement in ventilation capacity implies that, in
addition to a better protection against virus-laden aerosols, a
better air distribution strategy is also beneficial in terms of
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energy savings. Indeed, for example, in winter, the presence
of supply-exhaust shortcuts means that a fraction of the pre-
cious warm air supplied to the room is directly thrown away
into exhaust vents before properly mixing in the room.
Hence, when limiting these shortcuts, less ventilation energy
is needed to keep the indoor air temperature at a prescribed
value, which has a significant economic impact. In other
words, an optimal air distribution strategy can lead to the
same indoor air quality as for another (less optimal) strategy,
both in terms of temperature and aerosol safety, with less
ventilation power. For example, on a 4°C winter day with
100% outdoor air supply (no indoor air recirculation), the
thermal power needed to warm the outdoor air flowing in
the air handling unit at flow rate Qmax = 6260m3/h up to
21°C is 35 kW based on the density and specific heat capacity
of air. Once in the room, our effective flow rate measure-
ments in “overhead” showed that about 30% of the flow rate
is lost due to shortcuts, implying a power loss of about
11 kW. In contrast, in “downflow,” based on CO2 and aero-
sol measurements, only 20% to 10% of the flow rate is lost,
respectively, implying a power loss of only 7.4 kW to 3.5 kW.

We note that the use of UVGI modules in HVAC sys-
tems could, in principle, allow the use of rotary heat wheels,
since the deactivation of pathogens that, without treatment,
would be reinjected in the building via the “carry-over
effect”, could ensure an acceptable indoor air quality. More-
over, in contrast to air filters, UVGI modules can be easily
switched on when required and do not introduce any addi-
tional pressure drop in the air handling unit (AHU). This
solution is therefore not only ecologically justifiable but also
economically viable. In principle, UVGI modules also allow
the use of cheap and small AHU without separated exhaust
and supply air, i.e., without rotary heat wheels. This is
particularly interesting since these ventilation systems allow,
via indoor air recirculation, an easier regulation of the
indoor air humidity, especially in winter, with the associated
benefice for occupants’ well-being.
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