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A B S T R A C T   

Good indoor air quality in office environments is essential for occupant health and productivity. In open-plan 
offices, displacement ventilation has been recognized for its higher efficiency compared to mixing ventilation. 
This study evaluates the performance of displacement ventilation in an open-plan office under cooling and 
heating conditions, considering various supply ventilation rates, supply air temperatures, and occupancy levels. 
Field measurements were conducted over three months in a living laboratory office in a high-performance 
building. The indoor environment was controlled by an independent variable air volume (VAV) air condition-
ing system. The supply ventilation rate ranged from 6 to 12 h−1. Real-time measurements of carbon dioxide 
(CO2) concentrations in the supply air, return air, and breathing zone of the office were conducted to assess 
occupants’ exposure to CO2 and ventilation efficiency. The results show that the supply ventilation rate plays an 
important role in shaping the air distribution and overall effectiveness of the mechanical ventilation system. 
Higher supply ventilation rates can enhance air distribution robustness, improving ventilation efficiency and 
reducing CO2 exposure under both cooling and heating conditions. These findings also suggest the need for an 
optimized control logic that differs from the conventional control logic used in VAV systems. Specifically, during 
the heating condition of displacement ventilation, it is recommended to maintain the supply ventilation rate at a 
higher level to effectively mitigate the impact of occupant behavior on air quality, minimize CO2 exposure risks, 
and ensure a more robust and reliable indoor air distribution.   

1. Introduction 

Elevated indoor exposure to air pollutants is associated with an 
increased incidence of sick building syndrome symptoms [1,2], signifi-
cantly impacting the health and well-being of occupants. Among various 
indoor air pollutants, such as fine and coarse particulate matter [3,4], 
volatile organic compounds [5], and ozone [6,7], carbon dioxide (CO2) 
is commonly monitored in commercial buildings as it provides infor-
mation about ventilation efficiency and occupancy [8]. The American 
Society of Heating, Refrigerating, and Air-Conditioning Engineers 
(ASHRAE) has established ANSI/ASHRAE Standard 62.1–2022 [9], 
stipulating that the minimum outdoor volumetric airflow rate in the 
breathing zone should be 2.5 L/s⋅person plus 0.3 L/s⋅m2 for office 
spaces. Furthermore, amid the COVID-19 pandemic, indoor CO2 has 

been utilized as a reliable proxy for airborne infection risk [10,11]. The 
Federation of European Heating, Ventilation, and Air Conditioning As-
sociations (REHVA) has proposed an infection risk-based target venti-
lation rate for open-plan offices ranging from 16.5 to 25.4 L/s⋅person, 
depending on ventilation effectiveness. This results in indoor CO2 con-
centrations of 619–736 ppm [12,13]. Given the crucial role of effective 
mechanical ventilation in commercial buildings for mitigating the 
airborne transmission of respiratory viruses, CO2 has become an 
important parameter for understanding the influence of indoor air dis-
tribution on occupants’ exposure to exhaled bioeffluents [14] and 
ventilation efficiency. Burridge et al. [15] established a model to infer 
airborne infection risk by monitoring indoor CO2 concentrations. They 
demonstrated the effectiveness of using CO2 concentrations to predict 
airborne infection in both mechanically and naturally ventilated offices. 
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Fantozzi et al. [16] proposed an operating principle, monitoring CO2 
concentrations to control infection probability below a critical value for 
naturally ventilated classrooms. These studies emphasized the signifi-
cance of real-time CO2 data as a key indicator in assessing the risk of 
airborne infections. Park and Song [17] established CO2 concentration 
thresholds for controlling airborne transmission of SARS-CoV-2 under 
different air exchange rates, occupancy levels, and exposure times. 
These studies assume that the indoor air is well-mixed in ventilated 
rooms and show that increasing air exchange rates reduce CO2 con-
centrations proportionally. This observation holds true for idealized 
mixing ventilation. However, for many advanced room air distribution 
systems with non-uniform air distribution [18], the dynamics can differ 
significantly. 

Typically, ventilation efficiency indicators are employed to evaluate 
the extent of non-uniformity in room air distributions. Tian et al. [19] 
conducted experiments to measure the contaminant removal effective-
ness (CRE) of different air distribution systems with contaminant sour-
ces at the floor and armpit levels. Their findings revealed that for mixing 
ventilation, the CRE ranged from 0.63 to 1.07, displacement ventilation 
showed a range of 0.91–1.71, and stratum ventilation exhibited a range 
of 0.84–1.49. In another study, Yamasawa et al. [20] compared the CRE 
of impinging jet ventilation and displacement ventilation, demon-
strating that displacement ventilation achieved higher CRE values, 
ranging from 1.42 to 1.83, compared with impinging jet ventilation with 
a range of 1.04–1.49. CRE is widely used to assess indoor air quality. It 
indicates the location of the contaminant source relative to the indoor 
air distribution. A CRE between zero and unity suggests the contaminant 
source is in the recirculation area. A CRE equal to unity signifies 
well-mixed room air, where the contaminant source position has no 
effect on the concentration distribution. A CRE higher than unity in-
dicates that the source is near the outlet [21–23]. For airborne infection 
control, where infections are primarily caused by the inhalation of in-
fectious aerosol [24], greater emphasis should be placed on air quality in 
the breathing zone rather than the location of the contaminant source. 
As different ventilation indicators are defined for different purposes 
[25], in this study, we use the air utilization effectiveness (AUE) metric 
to assess room air distribution. The AUE indicates the efficiency of using 
filtered supply air to clean the breathing zone [26]. 

Displacement ventilation is widely used in office buildings [27]. It 
supplies air slightly lower than the room temperature setting to occu-
pants from diffusers located along the lower part of the walls [28]. As the 
air rises after being heated by indoor heat sources, such as occupants, 
displacement ventilation achieves an upward unidirectional airflow that 
effectively removes exhaled contaminants, thus improving ventilation 
efficiency [29]. While displacement ventilation is not intended for room 
heating due to the buoyancy of heated air disrupting the unidirectional 
airflow, it can be used for heating with the proper design considerations, 
e.g., through combination with a separate heating system like a radiator, 
radiant floor, or fan coil unit [28,30,31], or pre-heating the space during 
unoccupied periods [32]. 

Under cooling conditions, the boundary layer of an occupant can 
entrain the clean air from areas lower than the breathing zone to reduce 
personal exposure to bioeffluents [33], but it can be disturbed by 
occupant movement [34], the supply ventilation rate [35–37], and 
respiratory airflows [38]. Wu and Lin [39,40] compared the effect of a 
walking occupant on different ventilation conditions, and the indoor 
airflow under displacement ventilation is more susceptible to the in-
fluence of occupant movement. Licina et al. [36,37] found that 
increased horizontal air velocity can influence the occupant’s convec-
tive boundary layer and result in increased exposure to pollutants. Yang 
et al. [35] investigated the influence of the ventilation rate on the CO2 
concentration in the breathing zone and global mean CO2 concentration 
under displacement ventilation, showing that an excessively high supply 
ventilation rate can cause the air to bypass the breathing zone, resulting 
in increased exposure to exhaled CO2. 

Under heating conditions, the unidirectional airflow is disturbed, 

which might lead to decreased indoor air quality. Besides the supply air 
temperature, other factors may also influence indoor air quality under 
displacement ventilation. Yamasawa et al. [41] experimentally investi-
gated the heating performance of displacement ventilation. The authors 
found that with a small supply ventilation rate, the heated air rises 
before it enters the occupied zone, causing contaminants to stagnate in 
the middle level of the room. However, with a large supply volumetric 
airflow rate, displacement ventilation still outperforms mixing ventila-
tion with respect to indoor air quality. 

Existing studies of laboratory-based experiments involving manikins 
[20,29,33,36–41] and computational fluid dynamics (CFD) simulations 
[34,35] provide valuable insight into the indoor air quality character-
istics of displacement ventilation. However, these studies were con-
ducted in well-controlled or static conditions and cannot accurately 
replicate real-world scenarios, particularly for a variety of occupant 
behaviors that are challenging to quantify. These behaviors greatly in-
fluence room air and contaminant distributions, as well as room load, 
which, in turn, affects the HVAC system’s response and operation. 
Therefore, it is crucial to conduct field measurements in environments 
where occupants are non-static and their behaviors are uncontrolled. 
This approach allows us to capture the actual operational situations 
more accurately. 

This study aims to investigate the influence of displacement venti-
lation on indoor CO2 exposure and ventilation efficiency under realistic 
mechanical ventilation conditions in an occupied open-plan office, uti-
lizing occupant-generated CO2 as a tracer gas [42] to examine the room 
air distribution. A field measurement campaign was conducted in one of 
the four living laboratory offices at the Purdue University Ray W. Her-
rick Laboratories under variable occupancy and supply air conditions 
(ventilation rate, temperature, heating vs. cooling). The living labora-
tory offices are part of a modern high-performance building. The 
building was designed and constructed following criteria for future 
high-performance buildings and includes a state-of-the-art building 
automation and sensing platform and energy-efficient heating, ventila-
tion, and air conditioning (HVAC) technologies. The office was occupied 
by graduate students who did not follow any specific work schedules and 
worked flexible hours. The office featured an independently controlled 
displacement ventilation system that included a variable air volume 
(VAV) system. CO2 concentrations were measured at multiple locations 
throughout the office and its HVAC system, including at breathing zone 
height, via a multi-location sampling platform. The results of the study 
are used to provide operational suggestions for implementing displace-
ment ventilation with a VAV system in office environments. 

2. Materials and methods 

2.1. Experimental setup 

2.1.1. Site description: Herrick living laboratory open-plan offices at 
Purdue University 

The living laboratory open-plan office has dimensions of 10.5 m 
(length) × 9.9 m (width) × 3.2 m (height) [7]. Fig. 1 shows the layout of 
the office, and Fig. 2 presents photos of the office. The office has a 
maximum seating capacity of 20 people and contains 20 assigned desks 
and chairs arranged as a grid of 4 rows with 5 desks each (Fig. 1). Ob-
servations indicated the occupants remained seated, aside from brief 
periods of standing entry and exit and group discussions. 

The office includes its own HVAC system that is monitored and 
controlled through a building automation system enabled by Tridium 
JACE controllers and the Niagara/AX software framework (Tridium Inc., 
Richmond, VA, U.S.A.). The HVAC system is modular in design and can 
be configured to simulate various mechanical ventilation conditions, 
including passive chilled beams [43], mixing ventilation, and displace-
ment ventilation, among others. For the measurement campaign, the 
HVAC system was configured with a combined displacement ventilation 
and VAV system. As illustrated in Fig. 2, the ventilation configuration 
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included four displacement diffusers positioned at the four corners of the 
office and one return air louver located near the ceiling on the left-hand 
side wall. The supply ventilation rate was regulated at three stages, 
approximately 6, 9, and 12 h−1 (equivalent to 5.3, 8.0, and 10.7 L/s⋅m2 

or 27.7, 41.6, and 55.4 L/s⋅person), with these values monitored and 
controlled by the Niagara/AX control platform. In displacement venti-
lation, maintaining a design air temperature difference between foot and 
head levels of less than 2 ◦C is essential to prevent discomfort [30]. 
Consequently, the required supply ventilation rate is approximately 6 
h−1 for a temperature difference of 2 ◦C and 12 h−1 for a temperature 
difference of 1 ◦C. During the measurements, the room air temperature 
setpoint was kept at a constant 21.9 ◦C via the Niagara/AX control 
platform. The air handling unit supplies air with a temperature of 12.8 
◦C to the VAV box. When the room air temperature falls below the set-
point temperature, the control platform maintains the room air tem-
perature by increasing the heating hot water valve opening and reducing 
the damper opening of the VAV box to supply warm air, and at the same 
time adjusting the supply ventilation rate to 6 h−1. When the room air 
temperature exceeds the setpoint temperature, the control platform 
maintains the room air temperature by decreasing the heating hot water 
valve opening and increasing the damper opening of the VAV box to 
adjust the supply air temperature and supply ventilation rate to the 
room. 

2.1.2. Multi-location measurements of occupancy, CO2 concentrations, and 
air temperatures 

Office seated occupancy was measured with 60 s time-resolution via 
a chair-based temperature sensor array. Each chair is equipped with a K- 

type epoxy coated tip thermocouple (TC-PVC-K-24-180, Omega Engi-
neering Inc., Norwalk, CT, U.S.A.) connected to a battery-powered 
datalogger (EasyLog EL-USB-TC, Lascar Electronics Inc., Erie, PA, U.S. 
A.) to detect seated occupancy for each of the 20 desk-chair pairs in the 
office (Figs. 1 and 2). The thermocouple was positioned at the middle of 
the upward-facing seat cushion and attached to the cushion with double- 
sided fabric tape. The data analysis approach used to determine the 
seated occupancy is described in detail by Wagner et al. [44]. In brief, a 
chair is considered occupied when the seat surface temperature exceeds 
a threshold value. Periodic observations of seated occupants were per-
formed throughout the campaign to validate the output of the 
chair-based temperature sensor array. 

A multi-location sampling system was used to measure CO2 con-
centrations (as mixing ratios, ppm) and dry bulb air temperatures at 
various locations throughout the living laboratory office and its HVAC 
system. Table 1 presents the measured locations and parameters. Loca-
tions L1 to L4 in Table 1 correspond to the labeled positions shown in 
Fig. 1. CO2 concentrations were measured through a combination of two 
measurement approaches (Fig. 3). For the first approach, CO2 concen-
trations were measured with a laboratory-grade non-dispersive infrared 
(NDIR) CO2 gas analyzer (LI-830, LICOR Biosciences, Lincoln, NE, U.S. 
A.) with a range of 0–20,000 ppm and accuracy of <3 % of the reading. 
The LI-830 was calibrated at the beginning of the measurement 
campaign using pure CO2 gas diluted by ultra-zero air. The LI-830 was 
connected to an automated indoor air sampling system (Fig. 3a) to 
measure the CO2 concentration at six different locations, including four 
locations in the breathing zone of the seated occupants (Fig. 3b), one in 
the return air duct (Fig. 3c), and one in the supply air duct (Fig. 3d). A 

Fig. 1. Schematic of the living laboratory office, supply diffuser locations (S1 to S4), return air louver location (R1), and measurement locations for seated occupancy 
and breathing zone (L1 to L4) CO2 concentrations (adapted from Ref. [44]). 
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‘common-outlet’ type, programmable multi-port valve (EUTA- 
2VLSC8MWE2, Valco Instruments Co. Inc., Houston, TX, U.S.A.) was 
used to sequentially regulate the sample air from eight different loca-
tions for delivery to the LI-830 (Fig. 3e and f) with a cycle duration of 
120 s. 

While the indoor CO2 monitoring with the LI-830 provided an ac-
curate assessment of the spatial variation in CO2 concentrations within 
the living laboratory office and its HVAC system, the measurements 
were not made concurrently due to the timing of the valve sequence. To 
provide the additional concurrent measurement of CO2 concentrations, 
the second approach utilized an array of portable battery-powered NDIR 
CO2 loggers (HOBO MX 1102A, Onset Computer Corp., Bourne, MA, U.S. 
A.). The CO2 sensors have a range of 0–5000 ppm and an accuracy of 50 
ppm. To evaluate the accuracy of the CO2 sensors, they were compared 
against the LI-830 during co-location measurements. An example is 

shown in Fig. 4, where both the HOBO MX 1102A and LI-830 measured 
CO2 concentrations in the seated breathing zone for one day during the 
measurement campaign. The mean absolute error (MAE) for the HOBO 
MX 1102A ranged from 23.43 to 27.80 ppm, with larger errors observed 
during the periodic spikes in indoor CO2 concentrations. However, the 
overall trend monitored by the HOBO MX 1102A agreed well with the 
LI-830. In addition to CO2, the HOBO MX 1102A measured air tem-
peratures at each location with a range of 0–50 ◦C and an accuracy of 
±0.21 ◦C. Table 2 provides a summary of the measurement 
instrumentation. 

2.1.3. Experimental protocol 
The participants in this study were the existing occupants of the 

living laboratory office. During the measurement campaign, no personal 
information was requested from the participants, and we did not inter-
fere with their presence or activities. The measurements were conducted 
between February and April 2023, with data collected during normal 
occupied periods from 10:00 to 17:00. The CO2 concentrations, air 
temperatures, supply ventilation rates, and seated occupancy were 
recorded during this period. The temperature in the occupied zone as 
measured with the HOBO MX 1102A sensors remained stable within the 
range of 22.1–24.6 ◦C, which is higher than the temperature setpoint of 
21.9 ◦C. This can be attributed to the placement of the thermostat for the 
Niagara/AX control platform, which is on the sidewall of the office 
instead of the occupied zone. 

To collect data on the displacement ventilation system operating 
under various supply air conditions (specifically, supply ventilation 
rates of 6, 9, and 12 h−1, with the room undergoing heating and cool-
ing), the control platform was overridden during the measurement 

Fig. 2. Photos of the living laboratory office: (a) overview, (b) chair with K-type thermocouple and data logger, (c) return air louver near ceiling, and (d) to (g) 
supply diffusers; arrows indicate airflow directions. 

Table 1 
Measured locations and parameters.  

Location Air Temperature CO2 Concentration 
L1-1.5 m ✓  

L1-1.1 m ✓  

L2-1.5 m ✓ ✓ 

L2-1.1 m ✓ ✓ 

L3-1.5 m ✓ ✓ 

L3-1.1 m ✓ ✓ 

L4-1.5 m ✓  

L4-1.1 m ✓  

Supply Air Duct ✓ ✓ 

Return Air Duct ✓ ✓  
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campaign, with minimal adjustments made. Table 3 summarizes the 
supply air conditions. In Condition 1, the VAV system operated under 
default settings with the maximum supply ventilation rate set to 12 h−1 

for cooling and the supply ventilation rate under heating at 6 h−1, with 
the maximum opening of the heating hot water valve set to 100%. In 
Condition 2, only the maximum supply ventilation rate for cooling was 
adjusted to 9 h−1, and in Condition 3, it was adjusted to 6 h−1. 
Throughout these three conditions, the VAV system alternately supplied 
cool and warm air to maintain the room temperature at the set point. 
Due to the time lag in the supply air temperature during the transition 
from heating mode to cooling mode, there were instances when the 
supply ventilation rate changed to 9 or 12 h−1, yet warm air continued to 
be supplied to the space. In Condition 4, an all-day cooling operation 
was desired, so the maximum opening of the heating hot water valve 
was limited to 50% based on the condition established in Condition 3. 
This limitation aimed to prevent the VAV system from supplying air 
warmer than the temperature setpoint to the office space. 

2.2. Evaluation metrics 

2.2.1. Exposure to indoor CO2 concentrations 
The elevation in the CO2 concentration measured at the various 

breathing zone locations beyond that measured in the supply air duct 
was used to evaluate occupant exposure to exhaled CO2 under various 
displacement ventilation conditions. This approach allows for a closer 
examination of the impact of occupant behavior on the indoor air dis-
tribution. This measurement campaign was conducted without modi-
fying occupant behavior in the office, thereby allowing for various 
occupant behaviors that could potentially influence the CO2 distribution 
in the office. It is important to note that the occupancy, supply 

ventilation rate, and other factors, such as the location and movement of 
occupants within the office, can influence the observed CO2 distribution. 
The sensitivity of the air distribution to occupant behaviors under 
different supply ventilation rates can be visualized and assessed using 
box plots [45] of CO2 concentrations, which provides insights into the 
robustness of different air distributions. 

2.2.2. Ventilation efficiency 
The air utilization effectiveness (AUE) metric is employed to eval-

uate the ventilation efficiency of the indoor air distribution under 
different supply ventilation rates and heating/cooling conditions for the 
displacement ventilation system of the living laboratory office. As the 
supply ventilation rate and supply air temperature impact the indoor air 
distribution, the AUE can be used to describe the air distribution and 
indicate its effectiveness. The AUE value ranges from −∞ to unity. An 
AUE equal to unity indicates that the air distribution is comparable to 
personalized ventilation, where clean air is directly supplied to the oc-
cupants’ breathing zone. An AUE equal to zero indicates an idealized 
mixing ventilation, and an AUE less than zero indicates that the 
breathing zone is in the recirculation zone of the air distribution. 
Moreover, the AUE demonstrates good linearity with the airborne 
infection risk for respiratory viruses; a higher AUE value indicates a 
lower airborne infection risk [26]. The AUE is calculated as follows: 

AUE =
Cr − Cb

Cr − Cs

(1)  

where Cr is the CO2 concentration (ppm) measured in the return air duct 
of the displacement ventilation system; Cb is the CO2 concentration 
(ppm) measured in the breathing zone of the seated office occupants; 
and Cs is the CO2 concentration (ppm) measured in the supply air duct of 

Fig. 3. (a) Schematic of the air sampling system for multi-location CO2 measurements in the living laboratory office and its HVAC system, (b) sampling locations in 
the breathing zone, (c) sampling location from the return air duct, (d) sampling location from the supply air duct, (e) sampled air to the multi-position valve, (f) 
sampled air to the LI-830 CO2 gas analyzer. 
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the displacement ventilation system. 

2.2.3. Energy efficiency 
The energy-efficient operation of an air distribution system is always 

of interest. In this study, the energy performance of the non-uniform air 
distribution is assessed using the thermal utilization effectiveness (TUE). 
The TUE is defined as the ratio of the temperature difference between 
the air at the return duct and in the occupied zone to the difference 
between the air at the return and supply ducts, as shown in Equation (2) 
[46]. 

TUE =
Tr − To

Tr − Ts

(2) 

Fig. 4. Co-location measurements of breathing zone CO2 concentrations in the living laboratory office as measured by the LI-830 CO2 gas analyzer and HOBO MX 
1102A CO2 sensor. 

Table 2 
Summary of measurement instrumentation.  

Instrument Parameter Range Sampling 
Interval 

Accuracy Resolution Application 

LI-830 (LICOR Biosciences, Lincoln, NE, U.S.A.) CO2 0 to  
20,000 
ppm 

0.5 s <3% of the 
reading 

0.31 ppm To measure indoor CO2 
concentrations at different 
locations. 

Temperature datalogger (EasyLog EL-USB-TC, Lascar 
Electronics Inc., Erie, PA, U.S.A.) with K-type epoxy 
coated tip thermocouple (TC-PVC-K-24-180, Omega 
Engineering Inc., Norwalk, CT, U.S.A.) 

Temperature 0 to  
200◦C 

60 s ±1 ◦C 0.5 ◦C To measure the surface 
temperature of office chairs to 
detect seated occupancy. 

CO2 logger (HOBO MX 1102A, Onset Computer Corp., 
Bourne, MA, U.S.A.) 

CO2 0 to 
5,000 
ppm 

60 s ±5% of the 
reading at 25 
◦C 

1 ppm To provide additional concurrent 
measurement of CO2 
concentrations at different 
locations. 

Temperature 0 to  
50◦C 

60 s ±0.21 ◦C 
from 0 to 50 
◦C 

0.024 ◦C at 
25 ◦C 

To measure air temperature at 
different locations. 

Multi-port valve (EUTA-2VLSC8MWE2, Valco Instruments 
Co. Inc., Houston, TX, U.S.A.) 

– – 15 s – – To sequentially regulate the sample 
air from different locations for 
delivery to the LI-830.  

Table 3 
VAV system operation conditions.  

VAV 
Operation 
Condition 

Maximum Supply 
Ventilation Rate for 
Cooling (h−1) 

Supply Ventilation 
Rate for Heating 
(h−1) 

Maximum Heating 
Hot Water Valve 
Opening 

Condition 1 
(default) 

12 6 100% 

Condition 2 9 6 100% 
Condition 3 6 6 100% 
Condition 4 6 6 50%  
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where Tr is the air temperature (◦C) measured in the return air duct of 
the displacement ventilation system; To is the air temperature (◦C) 
measured in the occupied zone of the seated office occupants; and Ts is 
the air temperature (◦C) measured in the supply air duct of the 
displacement ventilation system. 

Therefore, TUE can evaluate the relative contribution of occupied 
zones to the energy performance of the air distribution system. For 
instance, if To approaches Ts, TUE will be unity, signifying that the 
conditioned air is ideally utilized for the thermal conditions of the 
occupied zone. Typically, ideal personalized ventilation achieves a TUE 
of unity. In contrast, if To is identical to Tr, TUE will be zero, indicating 
ideal mixing ventilation. A negative TUE value implies that the supply 
air is short-circuited to the occupied zone. 

3. Results and discussion 

3.1. Temporal variations in the supply ventilation rate, air temperatures, 
and CO2 concentrations in the living laboratory office under displacement 
ventilation 

Fig. 5 illustrates time-dependent changes in the supply ventilation 
rate, air temperatures, and CO2 concentrations throughout the day 
under each of the four displacement ventilation conditions in the living 
laboratory office. Under Condition 1 with the default setting (Fig. 5a), 
the VAV system operated alternately between cooling and heating 

modes, with the supply ventilation rate ranging from 6 to 12 h−1. As a 
result, the office space experienced alternating heating and cooling cy-
cles to maintain the room air temperature stable at the setpoint from 
10:00 to 14:40. Subsequently, it continued to supply cool air to the office 
space with a ventilation rate of 6 h−1. The CO2 concentration measured 
in both the return air duct and breathing zone exhibited transient fluc-
tuations, with the concentration in the breathing zone fluctuating more, 
sometimes exceeding 100 ppm compared with the supply air concen-
tration. This led to fluctuations in the AUE throughout the day. Under 
Condition 2, the supply ventilation rate ranged from 6 to 9 h−1, and the 
supply air temperature and CO2 concentrations fluctuated similarly to 
Condition 1 (Fig. 5b). The highest CO2 concentrations measured in the 
breathing zone were about 200 ppm greater than those measured in the 
supply air duct. For Conditions 3 and 4 (Fig. 5c and d), the supply 
ventilation rate was stabilized at 6 h−1. 

In Condition 3, the office space experienced alternating cycles of 
warm and cool air supply, causing the CO2 concentration in the 
breathing zone to fluctuate with the change of the supply air tempera-
ture, with peaks nearly 150 ppm higher than the supply air concentra-
tion (Fig. 5c). Under Condition 4, where the supply air temperature 
never exceeded the breathing zone temperature, the CO2 concentration 
in the breathing zone remained consistently low, under 20 ppm higher 
than the supply air (Fig. 5d). Comparing Conditions 3 and 4, it can be 
concluded that the temporal fluctuations in CO2 concentrations in the 
breathing zone are mainly caused by changes in the supply air 

Fig. 5. Time-dependent changes in the supply ventilation rate; temperatures as measured in the supply air duct, return air duct, and breathing zone; CO2 con-
centrations as measured in the return air duct and breathing zone (minus that in the supply air duct); and the air utilization effectiveness (AUE) under displacement 
ventilation conditions with a nominal supply ventilation rate of 6 h−1 for the living laboratory office: (a) Condition 1 (default setting), (b) Condition 2, (c) Condition 
3, and (d) Condition 4. 
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temperature. When warm air is supplied to the office space, the air 
distribution is affected by the warm supply air, causing a spike in CO2 
concentration in the breathing zone. In Condition 3, the AUE approaches 

unity, while in Condition 4, the maximum AUE is approximately zero. 
This indicates that the smaller air temperature difference between the 
supply air and breathing zone in Condition 4 impairs the directional 

Fig. 5. (continued). 

Fig. 6. CO2 concentrations as measured in the return air duct (minus that in the supply air duct) vs. occupancy under different displacement ventilation conditions 
for the living laboratory office. 
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airflow of displacement ventilation, making the ventilation efficiency 
comparable to that of mixing ventilation [47]. 

Displacement ventilation demonstrates effective performance in 
maintaining indoor air quality under cooling conditions, consistent with 
findings from prior studies on displacement ventilation [19,20,48]. 
While there has been no specific field investigation into using 
displacement ventilation exclusively for room heating, given that its 
primary purpose is not to supply warm air, such scenarios can occur in 
practice. For instance, in the living laboratory office examined in this 
study, the use of displacement ventilation for heating was associated 
with elevated CO2 exposure and reduced ventilation efficiency. 

3.2. Influence of office occupancy and supply ventilation rate on return 
air and breathing zone CO2 concentrations in the living laboratory office 
under displacement ventilation 

Fig. 6 illustrates the relationship between the CO2 concentration 
measured in the return air duct (minus that measured in the supply air 
duct: Cr - Cs) of the living laboratory office and the seated occupancy, 
showing a positive correlation. The linearity of this relationship is 
further supported by the data presented in Table 4. Under the cooling 
condition of the displacement ventilation system, the slopes range from 
5.45 to 7.47 for different supply ventilation rates (h−1), with Pearson 
correlation coefficients ranging from 0.74 to 0.79. Under the heating 
condition of the displacement ventilation system, the slopes are 
2.63–7.54 for different supply ventilation rates, with Pearson correla-
tion coefficients ranging from 0.60 to 0.79. 

The slope provides insights into the removal performance of occu-
pant exhaled CO2 in the living laboratory office. The slope would 
decrease with an increased supply ventilation rate under a well-mixed 
indoor air distribution. This is because a higher return volumetric 
airflow rate leads to a lower CO2 concentration in the return air, 
assuming a constant CO2 mass flow rate leaving the office. However, the 
measurement results deviate from this expectation in that the ventila-
tion efficiency improves proportionally with the increase of supply 
ventilation rate [48], indicating a non-uniform indoor air distribution 
under displacement ventilation for both cooling and heating conditions. 
Under the cooling condition, the slope is slightly higher at a supply 
ventilation rate of 6 h−1 (7.47) compared to that at 9 h−1 (7.40), indi-
cating a poorer performance in CO2 removal when the supply ventila-
tion rate decreases to 6 h−1. Under the heating condition, the slopes at 6 
and 12 h−1 are approximately half of those observed under the cooling 
condition. However, at 9 h−1, the slope remains similar (cooling: 7.40, 
heating: 7.54), suggesting a similar efficiency in exhaled CO2 removal 
from the office, which implies that under 6 and 12 h−1, the efficiency of 
CO2 removal is more sensitive to the supply air temperature. 

Fig. 7 illustrates the relationship between the mean CO2 concentra-
tion measured across the various breathing zone locations (minus that 
measured in the supply air duct: Cb - Cs) of the living laboratory office 
and the seated occupancy, also showing a positive correlation for the 
various displacement ventilation conditions. The linearity of this rela-
tionship is further supported by the data presented in Table 5. Under the 
cooling condition, the slopes range from 1.98 to 3.62 for different supply 

ventilation rates, with Pearson correlation coefficients ranging from 
0.36 to 0.54. Under the heating condition, the slopes range from 2.81 to 
15.12 for different supply ventilation rates, with Pearson correlation 
coefficients ranging from 0.36 to 0.65. The CO2 concentration measured 
in the breathing zone can show a significant discrepancy compared to 
that measured in the return air under displacement ventilation, pri-
marily due to the non-uniform air distribution [14,49,50]. 

The slope of the relationship between office seated occupancy and 
CO2 exposure as measured at breathing zone height (1.1 and 1.5 m) 
provides insights into the indoor air quality in the office. The slope de-
creases as the supply airflow ventilation increases (from 3.62 at 6 h−1 to 
1.98 at 12 h−1), indicating that higher supply air volumetric airflow 
rates result in lower CO2 exposure levels for occupants and improved 
indoor air quality. However, under the heating condition, the slopes 
under 6 h−1 (15.12) and 9 h−1 (10.89) are significantly higher than that 
under 12 h−1 (2.81) and under the cooling conditions (1.98–3.62), 
suggesting a higher CO2 concentration in the breathing zone and less 
optimal indoor air quality in the living laboratory office. These findings 
show the significant influence of the supply air temperature on indoor 
airflow patterns in occupied open-plan offices when using displacement 
ventilation systems with wall-mounted supply diffusers. Maintaining 
good indoor air quality is achievable with supply ventilation rates 
ranging from 6 to 12 h−1 during cooling periods. This is because, under 
cooling conditions, the higher density of the cooled supply air causes it 
to flow downward, resulting in lower air temperatures near the floor 
compared to the upper room. Around the occupants, the cooled air flows 
upward, interacting with the thermal plume generated by occupants and 
effectively removing CO2 in the occupied zone. However, the indoor air 
distribution in the office under displacement ventilation becomes highly 
sensitive to the supply ventilation rate during heating periods. This 
sensitivity arises due to the absence of the unidirectional airflow char-
acteristic of displacement ventilation when the supply ventilation rate is 
set at 6 and 9 h−1. In this scenario, the lower density of the heated air 
causes it to flow upward after being discharged. When the velocity of the 
supply air is low, it can ascend without passing through the occupant 
zone, resulting in the accumulation of CO2 in the occupied zone. 

More sampling points were taken at 6 h−1 for heating and cooling 
due to various factors. In Supply Air Conditions 1 and 2, we set limita-
tions on the maximum supply ventilation rate. The actual supply 
ventilation rate for cooling is dependent on the room load, with low 
occupancy most of the time, resulting in a predominantly 6 h−1 supply 
ventilation rate. However, for Conditions 3 and 4, the cooling supply 
ventilation rate was consistently fixed at 6 h−1. Regarding heating, the 
displacement ventilation operated exclusively at 6 h−1. The operation 
under 9 and 12 h−1 is attributed to the thermal inertia of the VAV box 
during the transition from heating to cooling, as explained in Section 
2.1.3. Recognizing the potential impact of the higher number of sam-
pling points at 6 h−1 compared to the other two supply ventilation rates, 
we conducted separate analyses for each supply ventilation rate. This 
approach provides a comprehensive understanding of displacement 
ventilation under various operational conditions. 

Fig. 8 shows the range in the measured CO2 concentrations at 
different breathing zone heights (1.1 and 1.5 m) under different 
displacement ventilation conditions (minus that measured in the supply 
air duct: Cb − Cs). Thus, the results indicate the localized elevations in 
CO2 exposure beyond the background levels in the office as measured in 
the supply air duct. Under each displacement ventilation condition, the 
mean CO2 concentration at a breathing zone height of 1.5 m is 28–74 % 
higher than that at a breathing zone height of 1.1 m under cooling 
conditions and 31–65 % higher under heating conditions, which is 
consistent with indoor contaminant stratification [20,47,51] for 
displacement ventilation. This is because the exhaled air has a higher 
temperature than the room air, allowing the exhaled CO2 from the 
seated occupants to flow vertically upwards. 

The measured CO2 concentrations at both breathing zone heights are 
significantly higher under the heating condition (~10–100 ppm beyond 

Table 4 
Summary of return air CO2 concentration and occupancy correlation analysis.  

HVAC 
Condition 

Supply 
Ventilation Rate 
(h−1) 

Pearson 
Correlation 
Coefficient 

Slope Number of 
Data Points 

Cooling 6 0.79 7.47 1288 
9 0.74 7.40 125 
12 0.74 5.45 386 

Heating 6 0.79 4.78 565 
9 0.74 7.54 32 
12 0.60 2.63 53  
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supply air) than in the cooling condition (~1–10 ppm beyond supply 
air). Under the cooling condition, supply air with a temperature lower 
than the room air enters the occupied zone and the exhaled CO2 is driven 
by buoyancy to the upper zone of the office. Under the heating 

condition, the supply air has a temperature higher than the room air, 
which leads to the clean air flowing upwards from the displacement 
diffusers without passing through the breathing zone of the occupants. 
With the supply ventilation rate increasing from 6 to 9 h−1, the supply 
air velocity increases, and more clean air enters the occupied zone 
before flowing upwards. Therefore, the CO2 concentration in the 
breathing zone is slightly lower under 9 h−1, with the mean CO2 con-
centration in the breathing zone being 26 % lower than that under 6 h−1. 
As the supply ventilation rate increases to 12 h−1, the CO2 concentration 
in the breathing zone decreases significantly, with the mean CO2 con-
centration in the breathing zone being 78 % lower than that under 6 h−1. 
This indicates that filtered supply air effectively enters the breathing 
zone with the increased supply air velocity. 

3.3. Sensitivity in breathing zone CO2 concentrations to occupant 
behavior 

Assuming that occupant behavior remained consistent throughout 

Fig. 7. CO2 concentrations as measured in the breathing zone (minus that in the supply air duct) vs. occupancy under different displacement ventilation conditions 
for the living laboratory office. 

Table 5 
Summary of breathing zone CO2 concentration and occupancy correlation 
analysis.  

HVAC 
Condition 

Supply 
Ventilation Rate 
(h−1) 

Pearson 
Correlation 
Coefficient 

Slope Number of 
Data Points 

Cooling 6 0.54 3.62 1288 
9 0.41 2.32 125 
12 0.36 1.98 386 

Heating 6 0.65 15.12 565 
9 0.59 10.89 32 
12 0.36 2.81 53  

Fig. 8. CO2 concentrations measured at different breathing zone heights (1.1 and 1.5 m) under different displacement ventilation conditions for the living labo-
ratory office. 
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the duration of the measurement campaign in the living laboratory of-
fice, Fig. 8 provides insights into the sensitivity of the indoor CO2 dis-
tribution to occupant behavior. Under the cooling condition of the 
displacement ventilation system, the mean breathing zone CO2 con-
centrations range from 4.56 to 11.15 ppm, with outliers mostly below 
100 ppm, showing that the indoor air distribution remains relatively 
resilient to changes in the supply ventilation rate and occupant behavior 
(occupancy patterns and movement). However, under the heating con-
dition, the mean breathing zone CO2 concentrations range from 10.23 to 
60.10 ppm, and outliers can reach as high as 150–300 ppm at a supply 
ventilation rate of 6 h−1. These outliers can be attributed to occupant 
movements that introduce a mixing effect [29,39,52]. Such disturbances 
result in abrupt increases in CO2 levels since the filtered supply air is 
unable to reach the breathing zone with the unidirectional airflow. With 
an increase in the supply ventilation rate to 12 h−1, extremely high CO2 
concentrations were not observed. This is because the increased air 
velocity can increase the robustness [53,54] of the air distribution. 
Consequently, the indoor air distribution becomes less susceptible to 
variations in occupant behavior. 

3.4. Influence of displacement ventilation conditions on ventilation 
efficiency 

Fig. 9 shows the ventilation efficiency as assessed by the AUE metric 
under various displacement ventilation conditions in the living labora-
tory office. Under the cooling condition, the AUE values are consistently 
close to unity from 6 to 12 h−1 and across all supply air temperatures 
(~13–23 ◦C). This indicates that the indoor air distribution achieved by 
displacement ventilation is comparable to personalized ventilation. This 
finding is also supported by the low CO2 concentrations observed in the 
breathing zone, as illustrated in Figs. 6 and 7. However, there are in-
stances where the AUE is lower than zero, potentially due to occupant 
movement within the office leading to short-term elevations in breath-
ing zone concentrations beyond that in the return air (Cb > Cr). 

Under the heating condition of the displacement ventilation system, 
a decreasing trend in the AUE is observed as the supply air temperature 
increases from ~23 to 32 ◦C and when the supply ventilation rate is 6 
and 9 h−1. This indicates that more supply air bypasses the breathing 
zone at a higher supply air temperature. For a supply ventilation rate of 
12 h−1, the AUE remains relatively stable with the increase in the supply 
air temperature from ~23 to 30 ◦C. As a low AUE indicates that the 
performance of the indoor air distribution is poor in mitigating airborne 
infection risks, utilizing a low supply ventilation rate under heating 
could increase the potential airborne infection risk in the office. 

3.5. Influence of displacement ventilation conditions on energy efficiency 

Fig. 10 shows the energy efficiency of various displacement venti-
lation scenarios evaluated by the TUE metric. In cooling conditions 
across all supply air temperatures (~13–23 ◦C), there is an increasing 

trend in TUE values with the rise of the supply air temperature. This 
trend suggests that maintaining a supply air temperature slightly lower 
than the occupant zone temperature is close to the ideal personalized 
ventilation, where conditioned air effectively reaches the occupied 
zones. Conversely, supplying air with a much lower temperature than 
the occupied zone leads to downward airflow, expending more energy 
on conditioning the lower part of the room rather than the occupied 
zones. Comparing TUE fluctuations around zero for 6 and 12 h−1, it is 
observed that under 9 h−1, TUE remains stable at zero and above. 
Considering occupants as internal heat sources influencing local air 
distribution, displacement ventilation under 6 h−1 can be easily 
disturbed by the thermal plume of occupants, resulting in locally mixed, 
even short-circuited supply airflow, leading to TUE values near zero or 
negative. At 12 h−1, the local air movement due to displacement 
ventilation is stronger than the thermal plume of occupants, resulting in 
locally mixed air movement and TUE values close to zero. At a supply 
ventilation rate of 9 h−1, there is a balance between the thermal plume 
and local air movement, allowing the supply air not to be disturbed by 
the thermal plume and maintaining TUE values at zero and above. Under 
heating conditions in the displacement ventilation system, TUE values 
are consistently less than zero across all supply air temperatures 
(~23–32 ◦C), indicating continuous short-circuiting of the air 
distribution. 

3.6. Discussion 

The results derived from the multi-location CO2 measurements 
conducted under various displacement ventilation conditions within the 
living laboratory office offer valuable insights, allowing for the formu-
lation of design and control strategies. Displacement ventilation dem-
onstrates the potential to reduce CO2 exposure during cooling periods. 
However, careful operation is essential during the heating period, as 
highlighted by the findings in Fig. 9. The presented results emphasize 
the importance of maintaining a high supply ventilation rate, specif-
ically at 9 h−1 during cooling conditions and 12 h−1 for heating condi-
tions for this office, to ensure minimal CO2 exposure. This contrasts with 
the conventional control logic of a VAV system, which typically uses a 
minimum supply ventilation rate during the heating period. Therefore, 
an approach beyond conventional control strategies is warranted when 
designing ventilation systems to minimize exposure and associated 
airborne infection risks, all while considering energy efficiency. In this 
study, our discussion is centered on the energy performance of the room- 
side air distribution, as depicted in Fig. 10. The energy consumption of 
the entire HVAC system, including components like the fan and pump, 
was not the primary focus. For a more comprehensive understanding of 
energy consumption aspects, additional details can be explored in 
Ref. [43]. 

In this study, our focus was on personal exposure, also referred to as 
the personal CO2 cloud [55] or personal CO2 bubble [56], and ventila-
tion measures to control exposure levels. High exposure can be 

Fig. 9. Air utilization effectiveness (AUE) under different displacement ventilation conditions for the living laboratory office.  
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attributed to low local air velocity and increasing the supply ventilation 
rate can mitigate this by enhancing the local air movement. Some spe-
cific occupant behaviors affect personal exposures, such as using a desk 
fan [56], which can increase the local air velocity from 0.1 to 0.5 m/s. 
Our results, as shown in Figs. 6 and 7, indicate that the return air CO2 
concentration can underestimate personal exposure to CO2. This finding 
is consistent with those in Ref. [55], emphasizing the importance of 
monitoring breathing zone CO2 for effective control of ventilation 
systems. 

While the measurement campaign in the living laboratory had a 
relatively low occupancy, representing less than 50% of the maximum 
room capacity, the findings can still provide insights into the perfor-
mance of the displacement ventilation system. The scalability of results 
to full occupancy scenarios can be justified, as contaminant removal in 
displacement ventilation is primarily driven by the thermal plume of 
each occupant. Therefore, the observed trends and system behavior 
under low occupancy conditions can be indicative of how the system 
might perform in situations with higher occupant density. However, the 
experiment was conducted between February and April 2023, and the 
influence of the building envelope on indoor air distribution may vary 
across different seasons. This seasonal variability will be taken into ac-
count in future research. Lastly, only one human bioeffluent (CO2) was 
measured at different locations throughout the office and its HVAC 
system. Thus, the impact of displacement ventilation conditions on 
spatial variations in concentrations of other species that are present in 
exhaled breath (e.g., respiratory aerosol, volatile organic compounds) 
was not evaluated. 

4. Conclusions 

This study investigated the influence of the supply ventilation rate, 
supply air temperature, and occupancy on the indoor CO2 concentration 
distribution and ventilation efficiency under a displacement ventilation 
system for a living laboratory office. The findings demonstrate that the 
supply ventilation rate plays a critical role in shaping the indoor air 
distribution and overall effectiveness of displacement ventilation for an 
occupied open-plan office. Under both cooling and heating conditions, 
higher supply ventilation rates (9 and 12 h−1) were found to enhance the 
robustness of the room air distribution, leading to improved ventilation 
efficiency and lower CO2 concentrations in the breathing zone. 
Furthermore, a high supply ventilation rate can effectively mitigate the 
impact of occupant behavior on office air quality, reducing the proba-
bility of high exposure to exhaled CO2 and ensuring a healthier indoor 
environment. 

These findings have significant implications for the design and 
operation of displacement ventilation systems, especially for heating 
conditions. Engineers and designers should carefully match the supply 
ventilation rate and temperature to ensure adequate air is delivered to 
the breathing zone, thereby minimizing exhaled CO2 exposure risks and 

achieving optimal ventilation efficiency. 
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