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Abstract  

CO2–based demand controlled ventilation (DCV) can save energy while maintaining acceptable 
indoor air quality. CO2 concentration may vary within an occupied space and it is unclear how 
sensor location influences the ventilation and energy performances. The objective of the present 
study is to investigate the effect of CO2 sensor position on the performance of DCV systems 
under mixing and displacement ventilation. Experimentally validated computational fluid 
dynamics (CFD) models were simulated under representative indoor ventilation and occupancy 
conditions. The results show that the ventilation strategy, occupancy level, and air change rate 
have notable impacts on the CO2 sensing performance. Under mixing ventilation, CO2 sensors 
placed at the room exhaust can meet the requirements of sensor accuracy defined by ASTM 
E741 and California Title 24. However, the sensor errors associated with sensor location can be 
higher than the acceptable threshold under displacement ventilation, which exhibits vertical CO2 
stratification with two separated zones (lower transition zone and upper uniform zone). The 
dividing height of the two zones is highly sensitive to the occupancy level. In such cases, exhaust 
sensors can overestimate the breathing zone concentration and result in additional energy 
consumptions for thermal conditioning as well as fan operation, especially for densely occupied 
buildings. The study findings suggest that for ensuring good performance of CO2–based 
displacement ventilation, it is necessary to develop quantitative relationships between CO2 
concentrations at the breathing height and the room exhaust considering ventilation strategies. 

Keywords: indoor air quality; CO2 sensing; computational fluid dynamics; building energy; 
displacement ventilation 

Highlights 

• CO2 sensors near occupants result in large errors under displacement ventilation  

• CO2 sensors at breathing height perform well for constant occupancy conditions 

• CO2 sensors at breathing height yield errors with varying occupancy 

• Under mixing ventilation, CO2 sensors at the room exhaust yield a good accuracy 
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Nomenclature 

Symbols

fan power coefficient (–) fan power (kW)

exhaust CO2 concentration (ppm) outdoor air volumetric flow 
rate (m3/h)

equilibrium CO2 concentration in the space 
(ppm)

q total heat load (kW)

outdoor CO2 concentration (ppm) Te
air temperature at the room 
exhaust (°C)

cp air specific heat (kJ/(kg·K)) Ts supply air temperature (°C)

effective diffusion coefficient (–) time (s)

CO2 generation rate (m3/h) solution time (h)

h1 specific enthalpy of outdoor air (kJ/kg) fluid velocity vector (m/s)

h2
specific enthalpy of air that leaves coil (kJ/
kg)

mass fraction of CO2 (–)

mass flux of CO2 (kg/s) ρ density of fluid (kg/m3)

number of rooms (–) air change rate (h-1)!  λ

!u

!n

!Q!C(t)

!ts

!jCO2

!Pf

!Cout

!a

!G

!YCO2

!t!Deff

!Cin
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1. Introduction 

In an occupied space, it is necessary to control the indoor pollutant concentrations by providing 
adequate outdoor fresh air to the space. Insufficient ventilation in an occupied room has 
implications in comfort, productivity, and health [1-3]. However, at the same time, a significant 
amount of energy can be used for providing thermally conditioned outdoor air to an occupied 
space [4-6]. Considering this challenge, demand-controlled ventilation (DCV) has been used to 
adjust ventilation rates based on the occupancy level, thereby conserving ventilation energy 
while maintaining acceptable indoor air quality [7]. 

Several previous studies evaluated the performance of DCV in different types of occupied spaces 
and reported that a well–designed DCV can save energy for thermal conditioning and fan 
operation without compromising indoor air quality [8-14]. For instance, Fisk and Almeida [12] 
reviewed case studies of DCV applied to various types of buildings and reported notable energy 
saving with a payback period typically of a few years. Budaiwi and AlHomoud [8] used 
theoretical models to examine the effects of different ventilation strategies on indoor air quality 
and cooling energy consumption for a single-zone enclosure with a design occupant density of 
10 people/100 m2. They reported that with DCV, more than 50 % cooling energy could be saved 
while maintaining pollutant concentrations below the recommended level. Schibuola et al. [10] 
analyzed the performance of a DCV system in a university library with a design occupancy of 20 
people/100 m2 using measurement data from a supervisory system and revealed that the DCV 
system yielded 22% thermal conditioning energy saving and 40% fan energy saving. 

Indoor CO2 concentrations can be monitored in buildings for the evaluation of ventilation and air 
quality control [2,15]. As humans are the main CO2 emission sources in most occupied buildings, 
indoor CO2 concentration has been a proxy indicator of bioeffluents from humans [7,16]. The 
difference between indoor and outdoor CO2 concentrations can be used to estimate the 
ventilation rate [16,17]. Several standards have defined the allowable level for the indoor CO2 

concentration to maintain the acceptable indoor air quality. ANSI/ASHRAE Standard 62.1 [18] 
states that maintaining CO2 concentration in a space no greater than 700 ppm above outdoor air 
levels can meet the standard requirements. ASTM Standard D6245 [16] suggests maintaining 
CO2 concentrations within 650 ppm above outdoors can maintain body odor below an acceptable 
level. 

To control indoor CO2 concentrations, there are mainly three conventional control methods used 
for CO2–based DCV systems: 1) set point control, 2) proportional control, and 3) exponential 
control. Set point control is an on–off ventilation strategy based on a specific CO2 setpoint. This 
approach has limited applications due to a relatively long response time. It is more typical to use 
proportional or exponential modulation of outdoor air flow rate based on the time variation of the 
indoor CO2 concentration [19]. However, all these methods are operated under the assumption of 
steady–state condition that may hardly be reached in practice. For this situation, previous studies 
developed a control strategy that calculates supply outdoor air flow rates dynamically by solving 
the transient CO2 mass balance equation and maintain indoor CO2 concentration near the setpoint 
[20,21]. CO2 concentrations within the occupant breathing zone provide a good basis for 
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estimating ventilation rates required for a given space. However, an inappropriate CO2 sensor 
arrangement may lead to wrong representation of the breathing zone concentration. Previous 
studies reported non-uniform spatial distributions of CO2 in occupied spaces under different 
ventilation conditions [22-29]. Experiments conducted by Stymne et al. [23] reported a vertical 
gradient of CO2 concentration in rooms with displacement ventilation. The concentrations 
relative to exhaust concentration varied from 20% to 120% within 2 m height. The non–uniform 
CO2 distribution may occur in mixing ventilation systems with relatively small air flow rates. For 
example, Mahyuddin and Awbi [25] reported 94 ppm CO2 concentration variation in an 18 m3 
experimental chamber under mixing ventilation with a supply air flow rate of 4 L/s. Bulińska et 
al. [28] performed experimentally validated numerical simulations to predict the spread of CO2 in 
a naturally ventilated bedroom, and reported that the CO2 concentrations in the vicinity of 
occupants, window, and heat sources could be more than 10% higher or lower than the room 
average.  

Even with possible non-uniform CO2 distribution in occupied spaces, an extensive review study 
by Mahyuddin and Awbi [26] showed that most building designers prefer to place only one CO2 

sensor at a representative position in an occupied space. Meanwhile, several other studies have 
explored heterogeneous indoor pollutant distributions due to building operating parameters such 
as ventilation strategy and occupant density [30,31]. For example, Rim and Novoselac [30] 
examined the dispersion of a tracer gas (SF6, sulfur hexafluoride) in two different airflow 
regimes: mixing flow and buoyancy–driven flow. They found that the temporal and spatial 
variations of SF6 concentration were larger in the buoyancy–driven flow regime. Maldonado and 
Woods [31] summarized three main factors that affects the indoor contaminant distributions: (1) 
the location and strength of the pollutant source, (2) the internal air movements as well as (3) the 
type and location of the supply air diffusers. However, very few studies in the literature 
examined the effect of CO2 sensor position on the performance of DCV systems, considering 
building operating and occupancy conditions. Based on this background, the primary objective of 
present study is to examine (1) spatial distribution of CO2 in occupied spaces influenced by 
ventilation strategy, air change rate, and occupancy level; and (2) evaluate the impacts of sensor 
positioning on estimating breathing zone CO2 concentration and performance of a DCV system. 

2. Methods 

In the present study, we employed the Computational Fluid Dynamics (CFD) model and 
validation experiments to simulate the dispersion of CO2 in a mechanically ventilated room. The 
following section presents the CFD model validation experiments, description of the applied 
CFD model, and parametric analysis. 

2.1 Validation of CFD model 

Based on the previous studies and recommendations regarding CFD validation process [32-36], 
we performed experiments in a full-scale environmental chamber and used the measurement data 
for validating the CFD model as described in the following sections.  
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2.1.1 Experimental set–up 

We conducted full–scale experiments in a 4.27 × 4.27 × 3 m (length × width × height) 
environmental chamber to simulate a typical private or shared office (see Figure 1). A detail 
description of the room was reported in the study of Schiavon et al. [37]. We performed five 
validation experiment with various number of manikins and air flow rates (see Table 1). The heat 
sources included five heated manikins (B, C, D, E at 85 W and A at 65 W), five desktop 
computers (the heat from each computer ranged from 60 to 134 W), lightings (190 W) and other 
instruments (13 W). Figure 1a shows the test chamber layout with the locations of the manikins. 
Table 1 summaries the total heat load and load per unit area for each case. Supply air was 
provided at temperature of 18 °C using a low momentum displacement diffuser (1.215 × 0.615 
m) at the floor level. Room air was exhausted through four outlets at the ceiling level. The 
climatic chamber meets the requirements by DIN EN 14240-2004 [38] for the room dimensions 
and manikin setup. During the experiment, CO2 was continuously released from a tube with a 
4.57 mm diameter in front of the nose of manikin (see Figure 1b) to simulate the CO2 emission 
from breathing. CO2 was released at room temperature (25 °C), which was lower than the actual 
temperature of exhaled air by a person performing office task. Nevertheless, Srebric and Chen 
[39] suggested the additional thermal energy of exhaled CO2 is relatively small and negligible in 
the experimental validation of indoor environment CFD model. The CO2 emission rate was 
0.0072 L/s for each manikin, which was 13% higher than the empirical CO2 generation rate of 
male performing office work (0.0064 L/s) [40]. This higher release rate was used to maximize 
the accuracy of the experimental tests and had little effect on the CFD validation process. 

!  

Figure 1. (a) A schematic of the experiment set–up; (b) a picture of the chamber test. 
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We measured the vertical CO2 concentration profile at the center of the chamber (see Figure 1a). 
Along this sampling line, six CO2 sensors were placed at heights of 0.3, 0.6, 1.1, 1.7, 2.2, 2.6 m. 
Note that the accuracy of CO2 sensor was ±25 ppm or ± 3% of reading for the detection range of 
400-2000 ppm. 

Table 1. Parameters and comparison results for five validation cases. 

2.1.2 Description of CFD model 

We established three–dimensional geometry models based on the set–up of the environmental 
chamber with one, three and five occupants respectively, as discussed in Section 2.1.1 (see 
Figure 3a). The only difference was the shape of the thermal manikin simplified to a rectangular 
solid. The simplified manikin geometry only affected the airflow in the vicinity of manikin, but 
simulated the overall airflow with reasonable accuracy while saving computation time [41-42].  

We discretized the computational model using polyhedral mesh considering its potential to 
provide good calculation accuracy with a reduced computational load [43]. We refined 
computational meshes in the proximity of the heat sources (i.e., manikin, computer and lights), 
the air inlet and outlet, and the CO2 inlet to accurately capture the heat and mass transfers in the 
grid–sensitive regions (see Figure 3b). The total numbers of the grid cells for the simulation 
domain with one, three and five occupants were approximately 170,000, 280,000 and 400,000, 
respectively. 

We used a CFD solver Star-CCM+ [44] to compute the indoor airflow and CO2 transport in the 
space. The solver employed the Reynolds Averaged Navier–Stokes (RANS) equations with the 
two–equation Shear Stress Transport (SST) k–ω turbulence model. The SST k–ω turbulence 
model combines the advantages of both k–ε and k–ω models and shows good performance in 
predicting stratified indoor airflow associated with thermal plumes [45-47]. We performed the 
unsteady simulations to calculate time–varying CO2 concentrations for a period of two hours 
with a time step of 1 s.   

Case
Manikins 
turned on

Total 
heat load 

(W)

Load per 
unit area 
(W/m2)

Airflow rate 
(L/s·person)

Inlet air 
velocity 

(m/s)

Sensor 
error 
(ppm)

MAE 
(ppm)

1 D 422 23 36 0.05 44 58

2 A,C,D 765 42 20 0.08 45 93

3 A,C,D 765 42 40 0.16 46 59

4 A,B,C,D,E 1076 59 20 0.13 48 86

5 A,B,C,D,E 1076 59 34 0.22 43 55
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We used three dimensional convection–diffusion equations to simulate the transport of CO2 

[48-49]:  

!  = !                                                                                             

(1) 

where  is the density of fluid (kg/m3),  is the time (s),  is the fluid velocity vector (m/s),  

is the mass fraction of CO2 and  is the mass flux of CO2 (kg/s) that can be calculated as 

follows: 

!                                                                                                                           

(2) 

where !  is the effective diffusion coefficient that includes molecular and turbulent diffusion. 

The boundary conditions applied in the CFD model were based on the experimental parameters 
described in Section 2.1.1, including the supply air conditions, CO2 emission conditions and heat 
fluxes from indoor heat sources. The supply air inlet velocity varied with ventilation rate for each 
case (see Table 1). The CO2 was released using a boundary condition of velocity inlet at the 
velocity magnitude of 0.45 m/s and the emission rate of 0.0072 L/s for each manikin. Note that 
all indoor heat fluxes were divided into convective and radiative portions based on ASHRAE 
Handbooks of Fundaments [50]. The radiative and convective portions were set to 58% and 42% 
for occupant, 40% and 60% for monitor, 10% and 90% for computer as well as 67% and 33% for 
lights. The convective heat fluxes were applied to the heat source surfaces while radiative heat 
loads were distributed to the surrounding wall surfaces. 

2.1.2 Validation process 

Figure 2 compares the simulated and measured vertical CO2 profiles at the center of the room for 
the five validation cases. The simulated CO2 concentration is the average of steady−state 
concentrations at 27 sampling points covering a 0.05 m3 of air volume around the actual sensor 
position to reduce the possible simulation uncertainty with a point sampling. The error bars 
represent the standard deviations of concentrations at these 27 points for simulation results and 
the sensor errors for the measurements. Figure 2 demonstrates vertical CO2 stratification in the 
displacement ventilation due to the buoyancy–driven airflow. The simulation results do not 
perfectly agree with the measurements, which is mainly due to the simplified geometry of the 
thermal manikin. However, the simulation and measurement results show a similar trend of 
vertical CO2 profile. For each validation test, the mean absolute error (MAE) was calculated as 
the average of the absolute differences between the measured and simulated steady-state CO2 
concentrations at six sensor locations (see Table 1). Relatively larger MAEs are observed in 
cases 2 and 4 (93 and 86 ppm). In such cases, ventilation rates are relatively low and the 

∂(ρYCO2
)

∂t
+ ∇·(ρYCO2

u) -∇·jCO2

ρ t u YCO2
jCO2

jCO2 
= -Deff∇·YCO2

Deff

Energy and Buildings, Aug. 2019               https://doi.org/10.1016/j.enbuild.2019.109358 8
                                                                           escholarship.org/uc/item/8n23p8c4 

https://doi.org/10.1016/j.enbuild.2019.109358


concentrations appear to be very sensitive to the buoyancy driven flow with the simplified 
occupant geometry as well as sampling locations, especially at the levels of occupant’s upper 
body and head [51]. Although the simulation results and measurements do not perfectly match, 

the differences between MAEs and sensor errors are < 48 ppm for all cases. This result suggests 
that the CFD model can provide insight into the vertical CO2 concentration gradient and 
transport pattern in a ventilated room. 

$  

Figure 2. Comparison of the vertical CO2 concentration profiles at six heights of 0.3, 0.6, 1.1, 
1.7, 2.2, 2.6 m. Note that the horizontal axis is the CO2 concentration increase from the supply.  
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In addition to the experimental validation, we verified the mass and energy balances in the 
simulation domain for each case. Regarding the mass balance, the difference between inlet and 
outlet flow rates was maintained lower than 4×10-4 L/s. The simulated CO2 concentration at the 
exhaust was within ±10 ppm of the theoretically calculated concentration from Eq. (3).   

!                                                                                                   

(3) 

where = exhaust CO2 concentration (ppm) 
 = CO2 generation rate (m3/h) 
 = outdoor air volumetric flow rate (m3/h) 
 = air change rate (h-1) 
!  = solution time (h) 

 = outdoor CO2 concentration (ppm) 

As for the energy balance, the difference between the total heat generation and heat removal was 
lower than 3×10-4 kW for the computation domain. The simulated exhaust air temperature was 
within ±0.14 °C different from the corresponding theoretically calculated temperature according 
to Eq. (4). These results further demonstrate the accuracy of the CFD simulations. 

!                                                                                             (4)                       

where q = total heat load (kW) 
Q = outdoor air volumetric flow rate (m3/h) 
ρ = air density (kg/m3) 
cp = air specific heat (kJ/(kg·K)) 
Te = air temperature at the room exhaust (°C) 
Ts = supply air temperature (°C) 

Note that considering it is more challenging to predict buoyancy-driven stratified airflow in 
displacement ventilation compared to the mixing airflow [30, 33, 35, 42], the experimental 
validation study focused on the scenarios with displacement ventilation. Although experimental 
validation was not performed for mixing ventilation cases, the simulation results were validated 
using the analytical solutions of the heat and mass balance in the simulation domain. The results 
show that differences between the simulations and analytical solutions at the room exhaust are < 
10 ppm (1.5%) for CO2 concentration and < 0.14 °C (0.5%) for air temperature. 

2.2 Parametric analysis 

The validated CFD model was used further for a parametric study that examined effects of three 
parameters: ventilation strategy (mixing vs. displacement), air change rate (2.5 and 5 h-1), and 
occupancy level (one and five occupants) on the indoor CO2 dispersion, which resulted in a total 

C(ts) = 
G
Q

 · (1 - e-λts) · 106 + Cout

C(ts)  
G
Q
λ
ts
Cout

q = Q · ρ · cp· ( Te - Ts) / 3600
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of eight simulation scenarios as summarized in Table 2. When the room was occupied with five 
occupants, air change rates of 2.5 and 5 h-1 corresponded to air flow rates of 8 and 16 L/s·person, 
which were realistic for office spaces according to the minimum ventilation rate (4 L/s·person) 
defined by ANSI/ASHRAE standard 62.1 [18] and recommended ventilation rate (14 L/s·person) 
by CEN Standard EN 15251 [52]. For the scenarios with one occupant, the higher airflow rates 
of 38 and 76 L/s·person represented economizer ventilation system or dedicated outdoor air 
system. 

Table 2. Test cases for parametric analyses (DV: displacement ventilation; MV: mixing 
ventilation).  

The CFD boundary conditions for displacement ventilation were the same as those of the 
validated model described in the Section 2.1.2. The inlet air velocity was 0.05 and 0.1 m/s for the 
case with air change rate of 2.5 and 5 h-1, respectively.  For the CFD models of mixing 
ventilation, the outdoor air was supplied through a 0.196 × 0.196 m large momentum diffuser at 
ceiling height (2.8 m from the floor) with the supply air temperature of 16 °C. The inlet air 
velocity was 1 and 2 m/s for the cases with air change rates of 2.5 and 5 h-1, respectively. Figure 
S1 in Supporting Information shows the diffuser arrangement for mixing ventilation. 

2.3 Evaluation of CO2 sensor performance 

To evaluate the effect of the sensor position on the sensing performance for the breathing zone 
CO2 concentration, we simulated CO2 release from occupants in the room and monitored the 
local concentrations at seven sampling locations (see Figure 3a) as follows: 

Ventilation
Air 

change 
rate (h-1)

Air flow rate 
(L/s·person)

Occupant 
number

Steady–state CO2 
concentration (ppm)

Difference

Breathing 
zone

Exhaust ppm %

DV 2.5 38

1

599 648 50 8

DV 5 76 521 560 39 7

MV 2.5 38 615 647 31 5

MV 5 76 536 552 16 3

DV 2.5 8

5

1125 1353 228 20

DV 5 16 814 913 99 12

MV 2.5 8 1296 1349 53 4

MV 5 16 890 910 21 2
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1) Room exhaust (E) was monitored given that CO2 sensors in individual rooms are commonly 
placed in the room exhaust or ventilation system return [7]. 

2) Four sampling points W1–W4 at four sidewalls at the height of 1.2 m, representing the wall-
mounted sensors at breathing height for a sedentary occupant, i.e., 1.0 to 1.2 m above the floor. 
This sensor location is also common since the California Title 24 Standard [53] requires that CO2 
should be measured between 0.9 and 1.8 m above the floor. In fact, Mahyuddin and Awbi [26] 
reported that based on the database and questionnaires analysis, most researchers and building 
designers prefer to place sensors at the heights between 1.0 and 1.2 m. 

3) Two sampling points D1 and D2 placed on the desk on the side and behind the monitor, 
respectively, representing the CO2 sensors situated on the typical office desk.  

Along with the CO2 concentrations at seven sampling locations, we monitored the average CO2 
concentration within the breathing zone defined by ANSI/ASHRAE standard 62.1 [18], i.e. the 
space between planes 0.08 and 1.8 m above the floor and further than 0.6 m from the walls. The 
differences between the breathing zone concentration and local concentrations at sampling 
locations were estimated as the sensor errors for the DCV system, and the comparison results 
provided information on appropriate sensor positions to accurately represent the breathing zone 
CO2 concentration.   

!  

Figure 3. a) CFD geometry model; b) details of computational grid. 

To evaluate the impact of sensor positioning on the outdoor air flow rate, we calculated the 
additional ventilation flow rates caused by the overestimation of the breathing zone CO2 
concentration for a variable air volume (VAV) air handling unit in a medium office building. The 
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calculation was based on the equilibrium carbon dioxide analysis approach where the outdoor air 
intake flow rate was calculated as follows [17]: 

!                                                                                                                              

(5) 

where = outdoor air volumetric flow rate (m3/h) 
!  = number of rooms  

 = CO2 generation rate (m3/h) 
 = equilibrium CO2 concentration in the space (ppm) 
 = outdoor CO2 concentration, 400 ppm 

The indoor CO2 setpoint was set as 700 ppm since most of CO2–based DCV for office buildings 
use the setpoint between 600 and 1000 ppm [7]. The flow rate was calculated assuming the air 
handling unit serves a single floor of the Department of Energy reference medium office building 
[54]. Furthermore, we calculated the additional power consumption associated with thermal 
conditioning of the extra outdoor air based on the enthalpy difference between outdoor air and 
the air leaving the cooling coil according to Eq. (6) [50]. 

 !                                                                                                      (6)                                                                                  

where q = total heat load (kW) 
Q = outdoor air volumetric flow rate (m3/h) 
ρ = outdoor air density (kg/m3) 
!  = specific enthalpy of outdoor air (kJ/kg) 
!  = specific enthalpy of air that leaves coil (kJ/kg) 

Considering relatively large potential energy consumption for air conditioning in hot and humid 
climates, we carried out the calculations considering Miami, FL, USA as an example locale. The 
density and specific enthalpy of outdoor air were derived from the cooling design conditions for 
Miami [50]. The outdoor air density was 1.1 kg/m3 and the enthalpy was 78 kJ/kg. The apparatus 
dew point of cooling coil was set to 8 °C and the specific enthalpy of leaving coil air was 25 kJ/
kg. 

Previous studies showed that 20–80% of total HVAC energy consumption is used for fan 
operation for large office buildings [55]. Therefore, we calculated the required fan power to 
move the additional air through the duct, heat exchanger and filter. The fan power was calculated 
using Eq. (7), which describes that fan power consumption !  (kW) is proportional to the cube of 
the volumetric air flow rate [55]. 

!                                                                                                                                      (7) 

Q = n · 
106 · G

(Cin -  Cout)

Q 
n
G
Cin
Cout

q = Q · ρ · (h1 –h2) / 3600

h1
h2

Pf

Pf = a · Q3
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where !  was the coefficient depending on the characteristics of fan and duct system, which was 
1.36 × 10-12 kW/(m3/h)3 based on a previous study [56]. 

3. Results and discussion 

The study results are organized into three sections. The first section presents CO2 distribution 
patterns under varied building operating conditions. The second section compares CO2 
concentrations within the breathing zone and at the room exhaust under displacement and mixing 
ventilation. The last section evaluates the performance of CO2 sensors at various locations and 
discusses how sensor position influences ventilation and energy performance of demand-
controlled ventilation (DCV) system. 

3.1 CO2 concentration distribution 

Figures 4a–d compare the horizontal CO2 distributions at three different heights: 0.3, 1.2 and 2.4 
m above the floor for the case with five occupants. Under displacement ventilation, the CO2 
concentration varies with height. With the air change rate of 2.5 h-1, the average horizontal 
concentrations are about 700 ppm at 0.3 m, 1200 ppm at 1.2 m, and 1400 ppm at 2.4 m (see 
Figure 4a). In this case, the concentration difference between the floor and ceiling levels is about 
800 ppm. Such large vertical variation is caused by the thermal plumes of occupants and 
computers that transport CO2 to the upper zone. 

When air change rate is increased to 5 h-1, the average horizontal concentrations are 600 ppm at 
0.3 m, 800 ppm at 1.2 m, and 900 ppm at 2.4 m (see Figure 4c). Although CO2 stratification still 
exists, the concentration difference between the floor and ceiling level is about 400 ppm. This 
smaller vertical gradient is mainly due to the increased ventilation rate and a smaller residence 
time of CO2 in the room. 

Regarding mixing ventilation, CO2 concentration distributions are relatively uniform compared 
to the displacement ventilation (see Figures 4b and 4d). In such cases, the supply air is 
introduced to the room with a high momentum and induces mixing of the room air. When the air 
change rate is 2.5 h-1, the vertical concentration variation is lower than 150 ppm for the room, 
although high CO2 concentrations exist in the vicinity of occupants under the effect of thermal 
plumes (see Figure 4b). With the air change rate of 5 h-1, buoyancy-driven plumes are disrupted 
and the vertical concentration variation is lower than 50 ppm, indicating that the room air is 
nearly well-mixed (see Figure 4d). These results agree with the previous research of Mahyuddin 
and Awbi [25] that found 94 ppm of CO2 concentration variation in a mixing ventilation system 
with a low air flow rate and more uniform CO2 distributions with increased ventilation rates. 

a
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Figure 4. Distributions of CO2 concentration on the horizontal sectional planes at three different 
heights of 0.3, 1.2 and 2.4 m with five occupants. (a) displacement ventilation with an air change 
rate of 2.5 h-1; (b) mixing ventilation with an air change rate of 2.5 h-1; (c) displacement 
ventilation with an air change rate of 5 h-1; (d) mixing ventilation with an air change rate of 5 h-1. 

Figure 5 shows the vertical profiles of the horizontal surface-averaged CO2 concentrations for 
displacement and mixing ventilation cases. Comparing the impact of the number of occupants, 
the vertical CO2 gradient under displacement ventilation tends to be smaller with a lower 
occupancy (e.g., < 200 ppm with one occupant). Note that under displacement ventilation, the 
vertical CO2 profiles exhibit two distinct zones: a lower transition zone where CO2 concentration 
dramatically increases and an upper zone with a more uniform CO2 concentration profile. It 
appears that the dividing height of the two zones varies with occupancy level in the room. For 
instance, the dividing height was about 1.5 m for the five occupant cases and 2.2 m for the one 
occupant cases in the present study. This phenomenon is in agreement with the realistic two-zone 
CO2 distribution presented in REHVA Guidebook [57]. Several previous studies measured the 
vertical CO2 profiles under displacement ventilation and reported the similar patterns [58-59]. 
Considering that the CO2 concentration gradient is more pronounced in the lower transition zone 
and the dividing height varies with occupant density [58], the CO2 sensors at the exhaust can 
yield more stable measurements than sensors at breathing height under displacement ventilation, 
especially when occupancy varies during different times of the day. 
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Figure 5. Vertical profiles of horizontal surface-averaged CO2 concentrations with five 
occupants (left) and one occupant (right). Note that the horizontal-axis scale is 400–1400 ppm on 
the left figure while it is 400–700 ppm on the right figure. 

3.2 Performance of exhaust CO2 sensors under displacement and mixing ventilation 

Knowing the vertical CO2 distribution patterns depending on the ventilation strategy and 
occupancy level, Figures 6a–d compare the transient CO2 concentration profiles at the room 
exhaust and in the breathing zone for the case with five occupants. The CO2 concentration 
increases over time due to continuous CO2 emission from the occupants until the steady–state is 
reached.  
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Figure 6. Transient CO2 concentrations at the room exhaust and within the breathing zone in the 
case of five occupants in the room. (a) displacement ventilation with air change rate of 2.5 h-1; 
(b) mixing ventilation with air change rate of 2.5 h-1; (c) displacement ventilation with air change 
rate of 5 h-1; (d) mixing ventilation with air change rate of 5 h-1. Note that the x-axis scale of (c) 
and (d) is half that of (a) and (b). 

With displacement ventilation and air change rate of 2.5 h-1 (Figure 6a), steady–state CO2 

concentration at the exhaust is about 230 ppm (20%) higher than the breathing zone. When the 
air change rate is 5 h-1(Figure 6c), the exhaust concentration is about 100 ppm (12%) higher than 
the breathing zone. These differences are mainly attributed to CO2 stratification in the 
displacement ventilated room (as described in Figure 4 and Figure 5).  As for the mixing 
ventilation cases, the concentration differences between exhaust and the breathing zone over time 
are much smaller (53 ppm or 4% at 2.5 h-1 and 20 ppm or 2% at 5 h-1) than those of displacement 
ventilation (see Figure 6b and 6d). 

The demand controlled ventilation (DCV) strategy will only be effective when CO2 sensors have 
a reasonable accuracy in practice [22]. CO2 sensor readings higher than the actual breathing zone 
concentration can cause overventilation and lead to additional energy consumption, while the 
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lower readings result in insufficient ventilation and degraded indoor air quality in an occupied 
space [60]. ASTM E741-11 [61] states that when using a tracer gas to determine air change rates, 
the measured gas concentration shall differ by less than 10 % of the average concentration for the 
zone. The California Title 24 Standard [53] requires that the CO2 sensors used for DCV must be 
factory-certified to have an accuracy within 75 ppm for the concentration range of 600-1000 
ppm. In the present study, under displacement ventilation with five occupants in the room, the 
concentration difference between exhaust and the breathing zone exceeds 100 ppm with the 
percent difference larger than 10%. However, with mixing ventilation, the sensors placed at the 
room exhaust have discrepancies smaller than 55 ppm or 5%. The results suggest that for a room 
with mixing ventilation, the CO2 sensors placed at the room exhaust can represent the breathing 
zone concentration with reasonable accuracy and meet the requirements of California Title 24 
and ASTM E741. However, with displacement ventilation, the exhaust sensors can yield errors 
greater than the requirements for highly occupied spaces if the value is not adjusted considering 
the effect of stratification.  

According to Table 2, the error of the exhaust sensor in predicting the breathing zone 
concentration tends to increase with lower ventilation rate and higher number of occupants. With 
only one occupant in the simulated room, the largest error under displacement ventilation with 
the air change rate of 2.5 h-1 is only 50 ppm (8%). With five occupants, the error goes up to 230 
ppm (20%) under displacement ventilation and is only up to 53 ppm (4%) under mixing 
ventilation.  

3.3 Effect of CO2 sensor position 

Figure 7 shows the deviations of the CO2 concentration within the breathing zone from the 
concentrations at the seven different sensor locations.  

!  

Figure 7. Sensor errors for seven locations under displacement (a) and mixing (b) ventilations.     

Figure 7a presents that with five occupants under displacement ventilation at the air change rate 
of 2.5 h-1, the wall–mounted sensors at 1.2 m height (W1–W4) have absolute errors ranging from 
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20 to 95 ppm (2 to 8% percent errors), which are much smaller than the exhaust sensor case (230 
ppm or 20%). At the higher air change rate of 5 h-1, the wall–mounted sensors have absolute 
errors ranging from 5 to 85 ppm (0.5 to 10%), while the exhaust sensor yields an error of 100 
ppm (12%). These results reveal that the wall–mounted CO2 sensors at breathing height can 
predict the breathing zone concentration with a higher accuracy compared to the exhaust sensor 
as long as the number of occupants (and all other heat gains) remains the same in the room until 
steady–state condition is reached. All four wall–mounted sensors yield percent errors within the 
accuracy of ASTM E741 requirements (10%), while three sensors (W1–W3) meet the 
requirement of California Title 24 (75 ppm).  

The absolute errors for desk sensors D1 and D2 are up to 80 ppm and 210 ppm, respectively, 
with displacement ventilation. The results imply the desk sensors have unstable accuracies and 
can give significant errors because of the large CO2 concentration gradient associated with the 
proximity to CO2 emission. This trend agrees with a previous study by Rim and Novoselac [42] 
that reported highly non-uniform gaseous pollutant distributions near the human body due to 
natural convection flow near the occupant. These results show that the sensor location has a 
significant impact on the sensor error in the measurement of breathing zone CO2 concentration 
under displacement ventilation and high occupancy. This is mainly due to the non-uniform and 
stratified CO2 concentration as well as the thermal plumes around the heat sources as described 
in Figure 4 and 5. The cases with one occupant have the sensor errors less than 75 ppm for all 
sensor locations, implying smaller errors due to the sensor location in low occupancy conditions. 

As for the mixing ventilation cases (see Figure 7b), the CO2 concentrations at different locations 
are more uniform than those of displacement ventilation due to the air mixing in the room 
induced by the supply jet. All the sensors yield absolute errors < 105 ppm (8%). The results 
suggest that with mixing ventilation, the sensor location has less influence on the measurement 
of breathing zone CO2 concentration than displacement ventilation case.  

Figure 8 presents the additional ventilation flow rate and associated power consumption for the 
VAV air handling unit that serves a single floor of a medium office building due to the average 
CO2 sensing error in measuring the breathing zone concentration as a function of the number of 
occupants. Section 3.2 depicts that CO2 sensors placed at exhaust of the displacement ventilated 
room with five occupants results in overestimation of 230 ppm. As shown in Figure 8a, the 
average overestimation of 230 ppm can be translated to an additional flow rate of 20,000 L/s for 
the air handling unit that serves fifty rooms of the single floor. According to the ANSI/ASHRAE 
standard 62.1 [18] and CEN Standard EN 15251 [52], the recommended outdoor ventilation rates 
for the air handler is estimated to be 1000-3500 L/s, respectively. Comparing to these values, the 
additional ventilation flow rate of 20,000 L/s is 6-10 times greater. However, for the same 
condition, the maximum error (95 ppm) of wall-mounted sensors at breathing height is translated 
to an additional flow rate of 2800 L/s, which is about 86% smaller than the exhaust sensor case. 
Other wall mounted sensors yield only 400-1000 L/s of extra ventilation flow rates.  
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The increased outdoor airflow rate requires more energy consumptions for thermal conditioning 
as well as fan operation [4,12,55]. Figure 8b and 8c show the additional power consumptions for 
thermal conditioning and fan operation due to the CO2 sensing error as a function of occupancy 
level in a hot and humid climate (Miami, FL). The average CO2 overestimation of 230 ppm for 
the exhaust sensor can result in an additional power consumption of 1200 kW for thermal 
conditioning of the outdoor ventilation air in the air handling unit. For the same condition, the 
errors of wall-mounted sensors yield only 25–170 kW. The additional fan power with the average 
sensing error of 230 ppm with five occupants is estimated as 1100 kW, which is comparable to 
the power required for thermal conditioning. Since the required fan power for supplying air is 
proportional to the cube of the volumetric airflow rate [55], the additional fan energy 
consumption can be more significant with higher occupancy. For example, with 230 ppm error 
and ten occupants, the additional fan power is estimated to be 8600 kW. Therefore, even in 
climates that do not need much thermal conditioning, significant additional fan energy will be 
required to handle increased outdoor airflow rates due to CO2 sensing error. These results suggest 
the importance of sensor positioning for CO2–based DCV systems for achieving energy–efficient 
and healthy buildings.  

!  

Figure 8. Additional ventilation rate (a), thermal conditioning power (b) and fan power (c) 
associated with the measurement error of CO2 sensor as a function of the number of occupants 
per room. 
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A few limitations of this study should be noted. While the present study reveals the effect of 
sensor position on the DCV performance in typical private or shared offices, future studies can 
perform the analysis for the different types of densely occupied spaces such as classrooms and 
auditoriums [62-63] given that high CO2 concentrations and sensing errors can occur. In 
addition, the present study does not fully examine effects of asymmetric internal heat loads and 
interior partition walls on the non-uniform CO2 concentrations in occupied spaces [35, 64-66]. 
Future studies are warranted to investigate how such conditions can contribute to the non-
uniform CO2 distributions and CO2 sensing performance. 

4. Conclusion 

The present study employed experimentally validated Computational Fluid Dynamics 
simulations to examine the spatial distribution of CO2 in a room while varying ventilation 
strategy, air change rate, and occupancy level. The study results provide information on the effect 
of sensor location on the ventilation and energy performance of CO2–based demand controlled 
ventilation (DCV) system.  

The study results show that ventilation strategy, occupant density, and air change rate have 
notable impacts on the CO2 distribution in a room and accordingly the optimal sensor location. 
Under mixing ventilation, the sensor location has marginal influence on the measurement of 
breathing zone CO2 concentration due to fairly uniform horizontal and vertical CO2 distributions. 
In such cases, sensors placed at the room exhaust can meet the requirements of sensor accuracy 
in California Title 24 and ASTM E741. 

However, displacement ventilation results in CO2 stratification with two separated zones (lower 
transition zone and upper uniform zone). The dividing height of the two zones varies with the 
occupancy level and perhaps other parameters not explored in this study. A higher occupancy 
level with a lower air change rate can cause a larger vertical gradient of CO2 concentration. The 
results also suggest that under displacement ventilation, placing CO2 sensors on the desk or near 
occupants can yield significant errors due to the effect of occupant thermal plume and breathing. 
Wall–mounted CO2 sensors at the breathing height result in less errors in predicting the breathing 
zone concentration than sensors near occupants or at the room exhaust, as long as the room is in 
steady–state condition. On the other hand, sensor readings at the breathing height may be 
unstable compared to the exhaust sensor because of a steep concentration gradient in the lower 
transition zone under the effect of varying occupancy.  

The study results provide insights into the effect of CO2 sensor location for the DCV system and 
highlight that DCV system design process should involve the understanding of optimal CO2 
sensor location based on ventilation and occupancy conditions. In general, CO2 sensors located 
at the room exhaust can work well in predicting the breathing zone CO2 concentration under 
mixing ventilation. However, under displacement ventilation, the exhaust sensors can 
overestimate the breathing zone concentration and result in additional energy consumption. 
Wall–mounted CO2 sensors at breathing height yield relatively less errors in steady–state 

Energy and Buildings, Aug. 2019               https://doi.org/10.1016/j.enbuild.2019.109358 21
                                                                           escholarship.org/uc/item/8n23p8c4 

https://doi.org/10.1016/j.enbuild.2019.109358


condition, while the effect of varying occupancy should be considered. In addition, the results 
suggest that the CO2 sensor location near occupants should be avoided. Future studies are 
warranted to develop quantitative relationships between CO2 concentrations at the breathing 
height and at the exhaust for representative internal load conditions under displacement 
ventilation. Furthermore, it would be useful to investigate the feasibility of using such 
relationships in the CO2–based displacement ventilation systems that serve densely occupied 
spaces.  
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Figure S1. Arrangement of mixing diffuser.
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