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Abstract: Fifteen participants were exposed in an enclosed environmental chamber to investigate
the effects of elevated carbon dioxide (CO2) concentration on their cognitive abilities. Three CO2

conditions (1500, 3500, and 5000 ppm) were achieved by constant air supply and additional ultra-
pure CO2. All participants received the same exposure under each condition, during which they
performed six cognitive tests evaluating human perception, attention, short-term working memory,
risky decision-making, and executive ability. Generalized additive mixed effects model (GAMM)
results showed no statistically significant differences in performance on the reaction time (RT) tests,
the speed perception test, and the 2-back test. This suggests that elevated CO2 concentrations below
5000 ppm did not affect participants’ perception and short-term working memory. However, a signif-
icant increase in response time was observed in the visual search (VS) test, the balloon simulation
risk test (BART), and the Stroop test at 5000 ppm compared to lower exposure concentrations. The
slower responses reflected the detrimental effects of elevated CO2 concentrations on visual attention,
risky decision-making, and executive ability. The findings suggest that the control level of CO2

concentrations should be tighter in enclosed workplaces where rapid response and operational safety
are required.

Keywords: carbon dioxide; cognitive ability; cognitive test; work performance

1. Introduction

The atmospheric average concentrations of carbon dioxide (CO2) are approximately
400 ppm, and may increase to the range between 794 and 1142 ppm by 2100 according to the
Intergovernmental Panel on Climate Change (IPCC) [1]. The indoor CO2 mainly comes from
outdoor CO2 brought in by fresh air ventilation and CO2 generated by human metabolism
indoors. Given the likelihood of increasing atmospheric CO2 concentration, the indoor CO2
concentration could also increase gradually in future. The typical CO2 concentration levels
are generally lower than 1000 ppm in residential buildings [2]. However, in crowded or
confined indoor spaces, CO2 concentrations may exceed 2000 ppm due to insufficient per
capita fresh air ventilation [3–5]. For people working in a typical indoor workplace, high
CO2 exposure can occur for a few hours. However, in special enclosed workspaces (such as
submarines and manned spacecraft), exposure to high CO2 concentrations could last for
several days. Considering that higher indoor CO2 exposure may lead to detrimental effects
on human work performance, it is essential to study the direct CO2 impacts on human
cognitive abilities that are closely associated with productivity and work safety.

Table 1 summarizes the studies examining the human cognitive responses to elevated
CO2 concentrations via the addition of pure CO2 or the manipulation of ventilation rate.
For the former, the pure CO2 was fully mixed with the outdoor air and then sent into
the experimental room. For the latter, the outdoor air ventilation rates were reduced to
increase the concentrations of CO2 and other pollutants. The current studies of CO2 effects
on cognitive performance still show a disappointing lack of consistency in results. It
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seems to be that the more complex the task, the greater CO2 effects would be evidenced.
For example, the performance of simple office tasks was not significantly affected by
elevated CO2 concentration below 5000 ppm [6,7], but the performance of complex tasks
decreased significantly with elevated CO2 concentration [8,9]. As shown in Table 1, the
strategic management simulation (SMS) test has been used to evaluate the strategic decision-
making ability. The exposure to elevated pure CO2 concentration could significantly
reduce the SMS test performance starting at 1000 ppm [10,11]. Rodeheffer et al. [12]
observed that the SMS performance declined slightly for the subjects exposed to CO2
concentration of 2500 ppm compared to 600 ppm, but did not further decline when they
were exposed to 15,000 ppm. They speculated that the inconsistent finding could be
explained by submariners having developed physiological adaptations to high CO2 level,
because they were routinely exposed to high CO2 concentrations. Although Snow et al. [13]
reported that participants did not exhibit significantly worse cognitive test scores at a CO2
concentration of 2700 ppm, their cognitive flexibility and executive ability still appeared to
be negatively affected relative to the CO2 exposure at 830 ppm, given lack of learning effect.

Table 1. Summary of studies examining CO2 effects on human cognitive abilities.

Adjust Method Studies CO2 Levels Exposure Duration Number of
Subjects Cognitive Tests Effects of Elevated

CO2

Addition of pure
CO2

Satish et al. [10] 600 vs. 1500 vs.
2500 ppm 150 min 22 SMS test Reduced

performance

Allen et al. [11] 550 vs. 945 vs. 1400
ppm

One day
(09:00–17:00) 24 SMS test Reduced

performance

Rodeheffer et al. a

[12]
600 vs. 2500 vs.

15000 ppm 125 min 36 SMS test No significant effect

Snow et al. [13] 800 vs. 2700 ppm <60 min 31

Stroop test; shifting
attention task;

continuous
performance test;

four-part
continuous

performance test.

Reduced
performance of

cognitive flexibility
and executive

function, but no
significant effect on

other domains.

Zhang et al. [6] 500 vs. 1000 vs.
3000 ppm 255 min 25

Redirection test;
digit span memory

test; Stroop test;
grammatical

reasoning test;
Stroop test with

feedback;
Tsai–Partington test;
d2 test; arithmetical

calculation.

No significant effect

Zhang et al. [7] 500 vs. 5000 ppm 153 min 10 Addition test;
Tsai–Partington test No significant effect

Liu et al. [14] 380 vs. 3000 ppm b 180 min 12

Mental redirection;
grammatical

reasoning; digit
span memory;
visual learning

memory; number
calculation; Stroop
test; visual reaction

time; D2 test;
Tsai–Partington test.

No significant effect

Bloch-Salisbury
et al. [15]

30 vs. 38 vs. 47
mmHg c 120 min 9

Pattern recognition,
matching-to-

sample, logical
reasoning,

two-letter search,
time estimation.

No significant effect

Manipulation of
ventilation rate

Maddalena et al.
[16] 900 vs. 1800 ppm 240 min 16 SMS test Reduced

performance

Haverinen-
Shaughnessy et al.

[17]

From 0.9 to 7.1 L/s
per person d One day 3109

Mathematics test;
reading test; science

test

Reduced
performance
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Table 1. Cont.

Adjust Method Studies CO2 Levels Exposure Duration Number of
Subjects Cognitive Tests Effects of Elevated

CO2

Bakó-Biró et al. [18]
From 1 to 8 L/s per

persond One day 332

Simple reaction
time; choice

reaction time; color
word vigilance;

addition reaction
time; digit span
memory; digit
classification;
digit–symbol

matching; picture
memory; word

recognition

Reduced
performance

Twardella et al. [19] 1145 vs. 2115 ppm One day 417

Concentration
performance; total

number of
characters

processed; total
number of error

rates

Reduced
performance

Scully et al. [20] 600 vs. 1200 vs.
2500 vs. 5000 ppm 240 min 22 SMS tests; cognition

tests No significant effect

Coley et al. [21] 690 vs. 2909 ppm 150 min 18

Picture presentation;
simple reaction

time; digit vigilance;
choice reaction time;
picture recognition;
Bond–Lader visual
analogue scales of

mood and alertness

Reduced
performance

a. The study used the between-subject design, and the others used the within-subject design. b. The participants
were exposed at 35 ◦C, not a thermal comfort environment. c. The PaCO2 increased (mean = 47 mmHg) or
decreased (mean = 38 mmHg) from the resting level (mean = 30 mmHg). d. Compared the ventilation rate instead
of CO2 concentration.

However, several other studies indicated that pure CO2 effects on cognitive abilities
were not potent. Zhang et al. [6,7] reported that no significant effect of CO2 concentration
on office task performance were observed in the 500–5000 ppm exposure range, regardless if
the task difficulty was simple or moderate. Similarly, Liu et al. [14] found that no significant
differences were observed in the performance of nine cognitive tests when participants
were exposed to CO2 concentrations up to 3000 ppm, compared with 380 ppm. Bloch-
Salisbury et al. [15] reported that neither the partial pressure of carbon dioxide in the
arterial blood (PaCO2) increases (mean = 47 mmHg) nor decreases (mean = 38 mmHg)
from the resting level (mean = 30 mmHg) would affect the cognitive performance, which
was probably attributed to the low statistical power of small sample size. In contrast to the
addition of pure CO2, an impaired cognitive performance was more commonly observed
under restricted ventilation conditions [16–19,21]. Only one study of astronaut-like subjects
indicated no significant changes in SMS and cognition test batteries as concentration rose
from 600 ppm to 5000 ppm via decreased ventilation rates [20]. The outcomes conflicted
with those of similar studies [10,11], which was likely caused by differing characteristics of
the various subject populations.

As summarized above, the previous findings remain controversial regarding the ef-
fects of additional pure CO2 on human cognition. More research evidence is needed to
investigate the sole effects of CO2 exposure on different kinds of cognitive abilities. Particu-
larly, the potential adverse impacts of high CO2 exposure may affect work performance
and safety in confined workplaces, which merit further exploration. Therefore, the main
purpose of this study was to examine experimentally the sole effects of CO2 exposure on
several work-related cognitive abilities including perception, attention, short-term working
memory, risky decision-making, and executive ability, and to further provide a reference for
the exposure limit of CO2 concentration in the working environments. In this study, fifteen
subjects were recruited to take six cognitive tests under three different CO2 conditions (1500,
3500, and 5000 ppm) in an enclosed environmental chamber. The performance metrics of
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the cognitive tests were evaluated by statistical models to analyze the effects of elevated
CO2 concentrations from a moderate level to the occupational limit. Based on the observed
effects, the effects of test difficulty and physiological regulation on cognitive performance
are further discussed.

2. Methods
2.1. Participants

The participants were limited to healthy adult males considering that the operators in
high-duty workplace environments are mostly male. Therefore, fifteen healthy male college
students with an engineering background were recruited for this study. The mean age
of the participants was 24.20 ± 2.48 years, and their average body mass index (BMI) was
22.67 ± 2.70 kg/m2. They were all right-handed, and had no history of disorders such as
color blindness, neurological errors, allergy, and alcohol addiction. The participants were
informed that they would be tested under three CO2 concentration conditions, but were not
notified which conditions they were exposed to. Additionally, they were asked to maintain
adequate sleep (not less than eight hours per day) before coming to the experimental site.
Stimulants such as drugs, perfumes, alcohol, and caffeinated drinks were prohibited before
and during the tests. All participants signed consent forms, completed the tests without
dropping out, and received compensation after the experiment. The experimental protocol
was approved by the Institute Review Board (IRB) of Beihang University.

2.2. Environmental Conditions

The experiment was carried out in an environmental chamber with a size of 7.6 m× 3.0 m× 2.1 m,
as shown in Figure 1. The conditioned outdoor air was fully mixed with ultrapure CO2 (≥99.99%
purity) and then sent into the chamber. The exhausted air in the chamber was discharged by a fan to
external atmosphere. The air temperature was controlled by the heating and cooling units. The fresh air
supply rate was constantly set at 250 m3/h by the volume regulator, with which the human bioeffluent
concentrations were expected to be moderate to low during the tests. The dosing rate of pure CO2 was
controlled by the flowmeter and valve opening to achieve different CO2 concentrations.

Atmosphere 2022, 13, x FOR PEER REVIEW 4 of 17 
 

were not notified which conditions they were exposed to. Additionally, they were asked 
to maintain adequate sleep (not less than eight hours per day) before coming to the ex-
perimental site. Stimulants such as drugs, perfumes, alcohol, and caffeinated drinks were 
prohibited before and during the tests. All participants signed consent forms, completed 
the tests without dropping out, and received compensation after the experiment. The 
experimental protocol was approved by the Institute Review Board (IRB) of Beihang 
University. 

2.2. Environmental Conditions 
The experiment was carried out in an environmental chamber with a size of 7.6 m × 

3.0 m × 2.1 m, as shown in Figure 1. The conditioned outdoor air was fully mixed with 
ultrapure CO2 (≥99.99% purity) and then sent into the chamber. The exhausted air in the 
chamber was discharged by a fan to external atmosphere. The air temperature was con-
trolled by the heating and cooling units. The fresh air supply rate was constantly set at 
250 m3/h by the volume regulator, with which the human bioeffluent concentrations were 
expected to be moderate to low during the tests. The dosing rate of pure CO2 was con-
trolled by the flowmeter and valve opening to achieve different CO2 concentrations. 

 

Figure 1. Schematic diagram of the environment chamber. 

Three CO2 exposure conditions were tested [9]: a baseline exposure with concentra-
tion at 1500 ppm (referred to as low CO2 condition), and the exposures to concentrations 
at 3500 ppm and 5000 ppm that were achieved by dosing pure CO2 to supply air (referred 
to as medium and high CO2 conditions, respectively). The high CO2 condition was based 
on the current 8 h occupational limit and the safety requirements by the IRB for hu-
man-oriented experiments. The low CO2 condition was based on the fact that the CO2 
concentrations are typically higher than 1500 ppm in enclosed spaces such as aircraft 
cabins [5] and submarines [12]. The medium CO2 condition was set between the low and 
high concentration conditions. 

The CO2 concentration was measured by a T6615 sensor (measurement range: 
0–10,000 ppm; measurement error: ≤75 ppm or ±10%; sampling interval: 1 min) that was 
installed near the participants at a height of 1.2 m in the test area. The measured CO2 
concentrations under the three conditions were 1626 ± 306 ppm, 3562 ± 259 ppm, and 
5087 ± 318 ppm. The concentrations of VOCs, CO, and NH3 under the three exposure 
conditions were 105–108 ppb (SD < 4), 36–38 ppb (SD < 1), and 17–18 ppb (SD < 1), as 
measured by a CPR-KA air quality analyzer (measurement range: 0–10 ppm (VOCs), 
0–50 ppm (CO), 0–30 ppm (NH3); measurement error: ≤5% full scale; sampling interval: 2 

Figure 1. Schematic diagram of the environment chamber.

Three CO2 exposure conditions were tested [9]: a baseline exposure with concentra-
tion at 1500 ppm (referred to as low CO2 condition), and the exposures to concentrations
at 3500 ppm and 5000 ppm that were achieved by dosing pure CO2 to supply air (re-
ferred to as medium and high CO2 conditions, respectively). The high CO2 condition
was based on the current 8 h occupational limit and the safety requirements by the IRB
for human-oriented experiments. The low CO2 condition was based on the fact that the
CO2 concentrations are typically higher than 1500 ppm in enclosed spaces such as aircraft
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cabins [5] and submarines [12]. The medium CO2 condition was set between the low and
high concentration conditions.

The CO2 concentration was measured by a T6615 sensor (measurement range: 0–10,000 ppm;
measurement error: ≤75 ppm or ±10%; sampling interval: 1 min) that was installed near the
participants at a height of 1.2 m in the test area. The measured CO2 concentrations under the three
conditions were 1626 ± 306 ppm, 3562 ± 259 ppm, and 5087 ± 318 ppm. The concentrations of
VOCs, CO, and NH3 under the three exposure conditions were 105–108 ppb (SD < 4), 36–38 ppb
(SD < 1), and 17–18 ppb (SD < 1), as measured by a CPR-KA air quality analyzer (measurement
range: 0–10 ppm (VOCs), 0–50 ppm (CO), 0–30 ppm (NH3); measurement error: ≤5% full scale;
sampling interval: 2 min). This indicated that the confounding effects of other air pollutants were
well controlled by the constant fresh air ventilation.

The air temperature and relative humidity were maintained at 25 ◦C and 65% by
the air-conditioning units. The temperatures during the tests were 24.6 ± 1.7 ◦C, as mea-
sured by a LX8013 thermo-hygrometer (measurement range: −20 ◦C–60 ◦C; measurement
accuracy: ±0.5 ◦C). The predicted mean vote (PMV) was estimated to be between −0.5
and 0.5 [9], which indicated that the thermal environment in the experimental chamber
was neutral. Participants were also allowed to adjust their clothing to ensure they were
thermally comfortable during the experiment. In sum, the confounding effects of other
environmental factors were controlled to study the effects of additional pure CO2 exposure
on cognitive abilities.

2.3. Cognitive Tests

The participants performed six computer-based cognitive tests sequentially under
each exposure condition. The performance metrics of the tests were used to evaluate
five basic cognitive abilities of perception, attention, short-term working memory, risky
decision-making, and executive ability. The details are described as follows:

(1) Reaction time (RT) tests (perception)

The RT tests [22,23] (duration: 7 min) consist of a simple RT test, discriminative RT
test, and choice RT test. In the RT tests, symbols were presented in the center of the
screen. The participants were asked to look at the screen and to press the corresponding
response buttons on keyboard immediately when they saw the target symbols. Table 2
lists the symbols displayed, target symbols, and response buttons. The accuracy of the
simple, discriminative, and choice RT tests are referred to as ACCsim, ACCdis, and ACCcho,
respectively. The correct response time (CRT) for the three tests are referred to as CRTsim,
CRTdis, and CRTcho, respectively. The higher accuracy and shorter CRT indicate better
perception ability.

Table 2. Details of the reaction time tests.

Tests Displayed Symbols Target Symbols Response Buttons

Simple RT N a N “J”
Discriminative RT N; � b; • c N “J”

Choice RT N; �; • N; �; • “J” (N); “F” (�);
Space bar (“•”)

a. The target symbol was a red triangle. b. The target symbol was a red square. c. The target symbol was a
red circle.

(2) Speed perception test (perception)

In the speed perception test [24] (duration: 7 min), a ball moved uniformly and
randomly from different directions into the center area of the screen covered with a gray
circle. When the ball entered the gray circle, the participants were asked to make a key
response when they predicted that the ball reached the center point of the screen. The
deviation rate of the predicted position from the center point was used to measure the
human perception ability to estimate the speed of a moving object, and the smaller deviation
rate indicated better performance.
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(3) Visual search (VS) test (attention)

In the VS test [25,26] (duration: 5 min), the participants were asked to find the target
character (“L” in red) against other visual distracters (“L” in black and “T” in red). They
pressed the “F” button when found the target character, or pressed the “J” button if not.
Six performance metrics were calculated to evaluate human attention ability, including
the accuracy and average CRT for all trials (referred as ACCtotal and CRTtotal, respectively),
the accuracy and average CRT for trials with the report of target character (referred as
ACCreport and CRTreport, respectively), the false alert rate, and the missing report rate.
The higher accuracy, shorter CRT and lower false/missing report rate indicated stronger
attention ability.

(4) 2-back test (short-term working memory)

In the 2-back test [27,28] (duration: 7 min), a sequence of characters was presented one
by one in the central area of the screen. Additionally, for each character, the participants
needed to judge whether the current character matched the previous second character,
and responded as soon as possible by pressing the “F” or “J” button (“F”—matching;
“J”—not matching). The ACC and the average CRT were used to evaluate the short-term
working memory ability. The higher ACC and shorter CRT indicated better short-term
working memory.

(5) Balloon analogue risk test (BART) (risky decision-making)

Thirty trials were set for the BART [29,30]. In each trial, the participants could earn
credits by clicking the “F” button to pump the balloon up on the screen. Each click
incrementally inflated the balloon and credits were added to a count-up counter. However,
the earnings for the trial would be lost if the balloon exploded. Specific information
regarding the balloon’s breakpoint determination was not given to the participants. The
participants could decide to stop pumping the balloon by clicking the “J” button at any
time prior to the explosion, and collect the credits earned in the trial. The participants
were also informed that the total earned credits could be redeemed as cash rewards. The
average number of pumps on unexploded balloons, the critical response time of pumps on
unexploded balloons (the average time for the last five inflation decisions) and the final
response time of pumps on unexploded balloons (the response time of the last inflation
decision) were used to evaluate the risk decision-making ability. The higher number of
pumps indicated the greater risk-taking propensity, and the longer response time indicated
the more hesitant decision-making.

(6) Stroop test (executive ability)

In the Stroop test [31,32] (duration: 2 min), the words “RED” or “GREEN” appeared
in the central area of the screen, randomly shown in red or green. The participants were
asked to press the “Z” button when the color of the word was red, and to press the “/”
button when the color of the word was green, regardless of the meaning of the words.
Six metrics were used to evaluated human executive ability, including the accuracy and
average CRT for all trials (referred as ACCtotal and CRTtotal, respectively), for the trials with
consistent word color and meaning (referred as ACCcon and CRTcon, respectively), and for
the trials with inconsistent word color and meaning (referred as ACCincon and CRTincon,
respectively). The higher accuracy and shorter CRT indicated the stronger executive ability.

2.4. Experimental Procedure

The participants took part in practice sessions before the experimental sessions to
reduce the potential learning effect of the cognitive tests. They received detailed visual
instructions for each cognitive test from the experimenters during the initial practice session.
Then they were asked to practice twice a day for three days during the later practice sessions.
During the experimental sessions, the fifteen participants were evenly allocated to three
groups, and were exposed to the same CO2 condition by groups in one day. For each
group, the tests under different exposure conditions were carried out during the same time



Atmosphere 2022, 13, 891 7 of 16

period on three consecutive weekdays. During each exposure condition, RT tests, speed
perception test, VS test, 2-back test, BART, and Stroop test were conducted in succession
with a total rest interval of approximately 13 min, as shown in Figure 2. The participants
were instructed to try their best to complete the cognitive tests, with their dominant hand
using a laptop that was placed on the table in front.
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2.5. Statistical Analysis

Generalized additive mixed effect model (GAMM) analyses [8–11,13,33] were per-
formed using the open-source statistical package R version 3.6.1 (R Project for Statistical
Computing, Vienna, Austria) to study the associations of cognitive test performance metrics
with CO2 exposure concentrations, treating the participant as a random effect, as shown in
Equations (1) and (2). The level of statistical significance was set at p < 0.05.

y = β1 + β2(Medium CO2) + β3(High CO2) + b + e (1)

y = β∗
1 + (−β2(Low CO2)) + β∗

3(High CO2) + b∗ + e∗ (2)

where y is the cognitive test performance metric; β1 and β∗
1 are the fixed intercepts; β2 and

β3 are the fixed effects of medium CO2 and high CO2 compared to low CO2, respectively;
β∗

3 is the fixed effect of high CO2 compared to medium CO2; b and b∗ are the random effects
of individual differences between participants; and e and e∗ are the residuals.

3. Results

The detailed GAMM results of the CO2 effects on the cognitive test performance
metrics (Table S2) are presented in Table S1. Additional plots shown in Figures 3–7 depict
the variations of these performance metrics under different CO2 conditions.
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3.1. Perception

Figure 3 presents the CO2 effects on the performance metrics of the RT tests and
the speed perception test. The overall performance of the simple RT test was the best,
followed by the discriminative RT test and the choice RT test. This indicated that cognitive
performance was worse with increased test difficulty, regardless of the CO2 conditions.
The performance metrics of each RT tests and the speed perception test were slightly
changed with the CO2 conditions, but the variations were not statistically significant. In
sum, elevated CO2 concentrations did not significantly affect human perception.

3.2. Attention

The CO2 effects on the performance metrics of the VS tests were depicted in Figure 4.
Both the CRTtotal and CRTreport increased significantly with elevated CO2 concentration
from 1500 to 5000 ppm, and the CRTreport also had a significant increase when the concen-
tration increased from 3500 to 5000 ppm. It could be inferred that the attention response
slowed when exposed to higher CO2 concentrations. The accuracy metrics were marginally
worse under the medium CO2 condition, as indicated by slightly lower accuracy and higher
missing/false report rate, but the differences were not statistically significant.

3.3. Short-Term Working Memory

As shown in Figure 5, no statistically significant difference was observed in the
ACC and the CRT between any two CO2 conditions, which indicated that elevated CO2
concentrations had no significant effect on short-term working memory. Nevertheless, the
response time was slightly longer under the high CO2 condition.

3.4. Risky Decision-Making

As shown in Figure 6, the average number of pumps, critical response time, and
final response time on unexploded balloons all increased gradually with elevated CO2
concentration in the BART. The critical response time had a significant increase as the
concentration increased from 1500 to 5000 ppm. The results indicated that the participants
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slightly tended to make riskier and more hesitant decisions when exposed to higher
CO2 concentrations.

3.5. Executive Ability

Figure 7 shows that the CRTcon increased significantly as the CO2 concentration rose
from 1500 to 5000 ppm. The CRTtotal was also modestly longer at higher CO2 concentration
level. It can be inferred that the participants spent more effort to execute the Stroop test
trials with higher CO2 exposure. Nevertheless, no clear variation trend was found between
accuracy metrics and CO2 conditions.

In sum, exposure to elevated CO2 concentrations from 1500 to 5000 ppm had some
detrimental effects on attention, risky decision-making, and executive ability, as manifested
by a significant increase in response time. Perception and short-term working memory,
however, were only marginally affected by the CO2 conditions.

4. Discussion

The main finding of this study is that the elevated CO2 concentrations below 5000 ppm
did not affect participants’ perception and short-term working memory, but had a detri-
mental effect, reflected as slower response, on their visual attention, risky decision-making,
and executive ability. The following sections discuss four aspects of the results.

4.1. Comparison with Previous Studies

Only the findings in the literature on the effects of additional pure CO2 are compared
with our results, because both CO2 and other air pollutants may contribute to the detrimen-
tal impacts on cognition when the target CO2 concentrations are achieved by manipulating
ventilation rates. Figure 8 summarizes the recent findings of impact on the five cognitive
abilities by pure CO2 addition. As shown in Figure 8, the previous studies [6,13,14] found
that perception and short-term memory were not significantly affected by the additional
pure CO2 concentration below 3000 ppm, which was consistent with our findings. Our
study further extended the concentration limit of nonsignificant effect to 5000 ppm. It
is worth noting, however, that perception could be affected by CO2 concentration much
higher than 5000 ppm. For example, Sheehy et al. [34] reported a significantly slower
response of choice reaction time test during the inhalation of 5% CO2 in 50% O2.

Furthermore, our results indicated that attention, risky decision-making, and execu-
tive ability were significantly impaired as the CO2 concentration increased from 1500 to
5000 ppm. Similarly, a significant detrimental effect of CO2 exposure on vigilance was also
found at concentrations as low as 3500 ppm using the psychomotor vigilance test (PVT) in
our previous study [35]. Snow et al. [13] stated that the increase in CO2 concentration from
800 to 2700 ppm could lead to reduced cognitive flexibility and executive ability, given lack
of learning effect, as examined by the shifting attention test and the Stroop test. However,
some scholars have also found inconsistent results. For example, Zhang et al. [6] and Liu
et al. [14] reported nonsignificant effects on attention using the D2 test and on execution
using the Stroop test, which may be because the concentration range they studied was
limited to 3000 ppm. This result indicates that the CO2 effects on cognitive abilities become
more significant as the concentration increases.
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with statistically significant (p < 0.05) changes in performance metrics [6,10–14,35].

The main negative effect on cognition observed in this study is delayed reaction,
which is consistent with the summary of Du et al. [36] that indicated accumulation of CO2
and other indoor pollutants could reduce the reaction speed of various cognitive tests
but leaves the accuracy unaffected. The difficulty of a test determines its capability for
observing changes in cognitive performance metrics. Therefore, the nonsignificant effect
on performance metrics was possibly due to the relatively low difficulty of the cognitive
tests we used, most of which were accomplished with accuracy rates higher than 95%. In
contrast, the SMS test let subjects experience the management of a business strategy in a
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competitive business environment, which is more difficult than other cognitive tests used
in the reviewed literature. As assessed by the SMS test, the increased CO2 exposure from
550 to 1400 ppm could result in a 50% reduction in cognitive function scores [11]. This
supports that the speculation that the effect of CO2 exposure on cognitive performance
could be more pronounced with increasing task difficulty and workload.

4.2. Potential Mechanism Underlying the Cognitive Performance

The underlying mechanism of CO2 affecting cognition may be the interaction between
passive protection and subjective adaption. With the elevation of CO2 concentrations, pas-
sive protection triggered by physiological regulation, such as the increase in sympathetic
activity and deep breath [37,38], would reduce arousal levels and lead to further cognitive
decline. This will increase the need for extra mental effort and arousal level to accomplish
cognitive tests. According to the fight-or-flight response theory [39], a state of physiological
arousal occurs when the human body perceives stress caused by an unfavorable environ-
ment. In this case, people will devote more energy to maintaining their cognition through
subjective adaption, which helps to counteract the detrimental effect of elevated CO2 con-
centration on cognitive performance. The increased arousal level could maintain cognitive
performance, but may sacrifice cognitive speed to some extent. As demonstrated in this
study, the accuracy metrics of the Stroop test and the VS test were not affected by increasing
concentrations, but at the expense of slower responses. The participants also tended to be
more hesitant in making risky decisions in the BART at higher concentration. The response
times of tests for perception and short-term memory tests were not significantly affected,
probably because less additional mental effort was required. In sum, the detrimental effect
of high CO2 concentration on cognitive performance may be induced by passive protection,
and then be alleviated when subjective adaption is activated. It can also be inferred that the
accuracy metrics may be significantly reduced if the difficulty level or CO2 concentration
further increases, when subjective adaption is not sufficient to meet the demands of extra
mental work.

4.3. Exposure Limit for CO2 Concentration in Workplaces

ASHRAE recommends that indoor CO2 concentrations should be maintained at or
below 1000 ppm to ensure adequate ventilation for acceptable indoor air quality. The
current 8 h permissible exposure limit is 5000 ppm as regulated by the Occupational
Safety and Health Administration (OSHA) and the American Conference of Governmental
Industrial Hygienists (ACGIH). However, current indoor CO2 concentration standards
have not taken into account the maintenance or improvement of cognitive function, despite
growing evidence pointing to the negative impact of CO2 on cognitive function. As
discussed in this study, exposures to elevated CO2 concentrations above 1000 ppm have
been reported to adversely affect various cognitive abilities, and the effects would become
more significant with increasing exposure concentrations and task difficulty. Specifically,
the findings of our study suggest delayed responses could occur during the CO2 exposure at
a concentration of 5000 ppm, when performing the cognitive tests of visual attention, risky
decision-making, and executive ability. Slow reaction (lapse) has been considered as one of
the most important factors leading to human error accidents [40]. Therefore, the current
occupational exposure threshold of 5000 ppm may not meet the requirements for rapid
response and operational safety in workplaces, especially for those enclosed environments
(e.g., submarines, cockpits, space stations), where staff members are routinely exposed to
high concentrations of CO2. To prevent human error accidents due to cognitive decline,
we suggest formulating more stringent occupational regulations on permissible exposure
limits for CO2.

4.4. Limitation of This Study

There are several limitations to consider when interpreting the results of this study. A
major limitation is the unbalanced order of CO2 exposures among the participants, because
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there was insufficient time to establish different CO2 conditions in one day. This could lead
to potential confounding effects of prior exposures. Another limitation is that the recruited
participants were limited to fifteen healthy college-age male students. The sample size was
only fifteen as limited by the experimental resource. Because of the relatively small sample
size, the statistical power could be lowered [41], which indicates that the effects of p-values
modestly higher than 0.05 are also worthy of attention. Only college-age male students
were recruited, considering the CO2 effects could be related to the population type and
our target population was the operators in high-duty workplace environments. Therefore,
a larger and mixed study population would be desirable in future research. In addition,
the assessment of human cognitive function was limited by the performance metrics of
six cognitive tests, which covered only certain aspects of cognition. The cognitive tests
employed in our study were also relatively easy. Therefore, to further study the cognitive
abilities from more perspectives, additional cognitive tests of different types and difficulty
levels are suggested to be involved. It is possible to observe a greater effect of CO2 exposure
on human cognition as the increase in test difficulty and mental workload.

5. Conclusions

In this study, fifteen participants were recruited to perform six classic cognitive tests
under three CO2 conditions (1500, 3500, and 5000 ppm) to investigate the sole effects of
CO2 exposure on five work-related cognitive abilities. The statistical results showed that
perception and short-term working memory were only marginally affected by increased
CO2 concentrations. However, attention, risky decision-making, and executive abilities
were significantly impaired at 5000 ppm, as indicated by a significant increase in response
time, though leaving the accuracy metrics unaffected. It can be inferred that people have to
devote more energy to maintaining cognition through subjective adaption, which helps
to combat the cognitive decline caused by elevated CO2 concentrations, but at the cost of
slower cognitive speed. The adverse effects of CO2 on cognitive performance may even
become more pronounced as concentrations and task difficulty increased. The research
findings suggest that to meet the cognitive requirements for rapid response and operational
safety, CO2 controls in enclosed workplaces should be more stringent than the current
permissible exposure limit.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos13060891/s1, Table S1. GAMM results of the CO2 effects on the
cognitive test performance metrics; Table S2. Values of the cognitive test performance metrics.

Author Contributions: Conceptualization, X.C.; data curation, J.Z. and L.P.; formal analysis, X.C.,
P.L., J.Z. and L.P.; funding acquisition, L.P.; investigation, X.C., P.L., J.Z. and L.P.; methodology, X.C.
and P.L.; project administration, L.P.; resources, X.C.; validation, P.L. and J.Z.; visualization, J.Z.;
writing—original draft, P.L. and J.Z.; writing—review and editing, X.C. and L.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 52008014.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
of Beihang University (protocol code BM201900078).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available on request due to restrictions, e.g., privacy or ethical.

Acknowledgments: We are grateful to Xin Wang, Jin Liang, and Liang Zhang for their technical
support, and to all the participants involved in the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/atmos13060891/s1
https://www.mdpi.com/article/10.3390/atmos13060891/s1


Atmosphere 2022, 13, 891 15 of 16

References
1. IPCC. Climate change 2013: The physical science basis. In Contribution of Working Group I to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change; Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Eds.; Cambridge University Press:
Cambridge, UK, 2013.

2. Abdel-Salam, M.M. Investigation of PM2.5 and Carbon Dioxide Levels in Urban Homes. J. Air Waste Manag. Assoc. 2015,
65, 930–936. [CrossRef] [PubMed]

3. Fisk, W.J. The Ventilation Problem in Schools: Literature Review. Indoor Air 2017, 27, 1039–1051. [CrossRef] [PubMed]
4. GIaconia, C.; Orioli, A.; Gangi, A.D. Air Quality and Relative Humidity in Commercial Aircrafts: An Experimental Investigation

on Short-Haul Domestic Flights. Build. Environ. 2013, 67, 69–81. [CrossRef]
5. Cao, X.D.; Zevitas, C.D.; Spengler, J.D.; Brent, C.; Eileen, M.N.; Byron, J.; Ming, L.S.; Piers, M.N.; Allen, J.G. The on-board

carbon dioxide concentrations and ventilation performance in passenger cabins of US domestic fights. Indoor Built Environ. 2019,
28, 761–771. [CrossRef]

6. Zhang, X.; Wargocki, P.; Lian, Z.; Tyregod, C. Effects of exposure to carbon dioxide and bioeffluents on perceived air quality,
self-assessed acute health symptoms, and cognitive performance. Indoor Air 2017, 27, 47–64. [CrossRef] [PubMed]

7. Zhang, X.; Wargocki, P.; Lian, Z. Human responses to carbon dioxide, a follow-up study at recommended exposure limits in
non-industrial environments. Build. Environ. 2016, 100, 162–171. [CrossRef]

8. Allen, J.G.; MacNaughton, P.; Cedeno-Laurent, J.G.; Cao, X.; Flanigan, S.; Vallarino, J.; Rueda, F.; Donnelly-McLay, D.; Spengler,
J.D. Airplane pilot flight performance on 21 maneuvers in a flight simulator under varying carbon dioxide concentrations. J. Expo.
Sci. Environ. Epidemiol. 2019, 29, 457–468. [CrossRef]

9. Zhang, J.; Pang, L.P.; Cao, X.D.; Wanyan, X.R.; Wang, X.; Liang, J.; Zhang, L. The effects of elevated carbon dioxide concentration
and mental workload on task performance in an enclosed environmental chamber. Build. Environ. 2020, 178, 106938. [CrossRef]

10. Satish, U.; Mendell, M.J.; Shekhar, K.; Hotchi, T.; Sullivan, D.; Streufert, S.; Fisk, W.J. Is CO2 an indoor pollutant? Direct effects of
low-to-moderate CO2 concentrations on human decision-making performance. Environ. Health Perspect. 2012, 120, 1671–1677.
[CrossRef]

11. Allen, J.G.; MacNaughton, P.; Satish, U.; Santanam, S.; Vallarino, J.; Spengler, J.D. Associations of cognitive function scores with
carbon dioxide, ventilation, and volatile organic compound exposures in office workers: A controlled exposure study of green
and conventional office environments. Environ. Health Perspect. 2016, 124, 805–812. [CrossRef]

12. Rodeheffer, C.D.; Chabal, S.; Clarke, J.M.; Fothergill, D.M. Acute exposure to low-to-moderate carbon dioxide levels and
submariner decision-making. Aerosp. Med. Hum. Perf. 2018, 89, 520–525. [CrossRef] [PubMed]

13. Snow, S.; Boyson, A.S.; Paas, K.H.W.; Gough, H.; King, M.; Barlow, J.; Noakes, C.J.; Schraefel, M.C. Exploring the physiological,
neurophysiological and cognitive performance effects of elevated carbon dioxide concentrations indoors. Build. Environ. 2019,
156, 243–252. [CrossRef]

14. Liu, W.; Zhong, W.; Wargocki, P. Performance, acute health symptoms and physiological responses during exposure to high air
temperature and carbon dioxide concentration. Build. Environ. 2017, 114, 96–105. [CrossRef]

15. Bloch-Salisbury, E.; Lansing, R.; Shea, S.A. Acute changes in carbon dioxide levels alter the electroencephalogram without
affecting cognitive function. Psychophysiology 2000, 37, 418–426. [CrossRef] [PubMed]

16. Maddalena, R.; Mendell, M.J.; Eliseeva, K.; Chan, W.R.; Sullivan, D.P.; Russell, M.; Satish, U.; Fisk, W.J. Effects of ventilation rate
per person and per floor area on perceived air quality, sick building syndrome symptoms, and decision-making. Indoor Air 2015,
25, 362–370. [CrossRef]

17. Haverinen-Shaughnessy, U.; Shaughnessy, R.J. Effects of Classroom Ventilation Rate and Temperature on Students’ Test Scores.
PLoS ONE 2015, 10, 255–262. [CrossRef]

18. Bakó-Biró, Z.; Clements-Croome, D.J.; Kochhar, N.; Awbi, H.B.; Williams, M.J. Ventilation rates in schools and pupil’s performance.
Build. Environ. 2012, 48, 215–223. [CrossRef]

19. Twardella, D.; Matzen, W.; Lahrz, T.; Burghardt, R.; Spegel, H.; Hendrowarsito, L.; Frenzel, A.C.; Fromme, H. ffect of classroom
air quality on student’s concentration: Result of a cluster-randomized cross-over experimental study. Indoor Air 2012, 22, 378–387.
[CrossRef]

20. Scully, R.R.; Basner, M.; Nasrini, J.; Lam, C.; Hermosillo, E.; Gur, R.C.; Moore, T.; Alexander, D.J.; Satish, U.; Ryder, V.E. Effects
of acute exposures to carbon dioxide on decision-making and cognition in astronaut-like subjects. NPJ Microgravity 2019, 5, 17.
[CrossRef]

21. Coley, D.A.; Greeves, R.; Saxby, B.K. The Effect of Low Ventilation Rates on the Cognitive Function of a Primary School Class. Int.
J. Vent. 2007, 6, 107–112. [CrossRef]

22. Deary, I.J.; Liewald, D.; Nissan, J. A free, easy-to-use, computer-based simple and four-choice reaction time programme: The
Deary-Liewald reaction time task. Behav. Res. Methods 2011, 43, 258–268. [CrossRef] [PubMed]

23. Heitz, R.P. The speed accuracy tradeoff: History, physiology, methodology, and behavior. Front. Neurosci. 2014, 8, 150. [CrossRef]
[PubMed]

24. Chen, S.G.; Wang, C.H.; Tian, Z.Q.; Jiang, T. Development and application of software product for speed perception test. Comput.
Eng. Des. 2013, 1, 372–376.

25. Treisman, A. Focused attention in the perception and retrieval of multidimensional stimuli. Percept. Psychophys. 1977, 9, 40–50.
[CrossRef]

http://doi.org/10.1080/10962247.2015.1040138
http://www.ncbi.nlm.nih.gov/pubmed/26211634
http://doi.org/10.1111/ina.12403
http://www.ncbi.nlm.nih.gov/pubmed/28683161
http://doi.org/10.1016/j.buildenv.2013.05.006
http://doi.org/10.1177/1420326X18793997
http://doi.org/10.1111/ina.12284
http://www.ncbi.nlm.nih.gov/pubmed/26825447
http://doi.org/10.1016/j.buildenv.2016.02.014
http://doi.org/10.1038/s41370-018-0055-8
http://doi.org/10.1016/j.buildenv.2020.106938
http://doi.org/10.1289/ehp.1104789
http://doi.org/10.1289/ehp.1510037
http://doi.org/10.3357/AMHP.5010.2018
http://www.ncbi.nlm.nih.gov/pubmed/29789085
http://doi.org/10.1016/j.buildenv.2019.04.010
http://doi.org/10.1016/j.buildenv.2016.12.020
http://doi.org/10.1111/1469-8986.3740418
http://www.ncbi.nlm.nih.gov/pubmed/10934900
http://doi.org/10.1111/ina.12149
http://doi.org/10.1371/journal.pone.0136165
http://doi.org/10.1016/j.buildenv.2011.08.018
http://doi.org/10.1111/j.1600-0668.2012.00774.x
http://doi.org/10.1038/s41526-019-0071-6
http://doi.org/10.1080/14733315.2007.11683770
http://doi.org/10.3758/s13428-010-0024-1
http://www.ncbi.nlm.nih.gov/pubmed/21287123
http://doi.org/10.3389/fnins.2014.00150
http://www.ncbi.nlm.nih.gov/pubmed/24966810
http://doi.org/10.3758/BF03206074


Atmosphere 2022, 13, 891 16 of 16

26. Müller, H.J.; Krummenacher, J. Visual search and selective attention. Vis. Cogn. 2006, 14, 389–410. [CrossRef]
27. Kirchner, W.K. Age differences in short-term retention of rapidly changing information. J. Exp. Psychol. 1958, 55, 352–358.

[CrossRef]
28. Gajewski, P.D.; Hanisch, E.; Falkenstein, M.; Thönes, S.; Wascher, E. What does the n-back task measure as we get older? Relations

between working-memory and other cognitive functions across the lifespan. Front. Psychol. 2018, 9, 2208. [CrossRef]
29. Lejuez, C.W.; Read, J.P.; Kahier, C.W.; Richards, J.B.; Ramsey, S.E.; Stuart, G.L.; Strong, D.R.; Brown, R.A. Evaluation of a

behavioral measure of risk-taking: The Balloon Analogue Risk Task (BART). J. Exp. Psychol.-Appl. 2002, 8, 75–84. [CrossRef]
30. Lejuez, C.W.; Aklina, W.M.; Zvolenskyb, M.J.; Pedulla, C.M. Evaluation of the Balloon Analogue Risk Task (BART) as a predictor

of adolescent real-world risk-taking behaviours. J. Adolesc. 2003, 26, 475–479. [CrossRef]
31. Stroop, J.R. Studies of interference in serial verbal reactions. J. Exp. Psychol. 1935, 18, 643–662. [CrossRef]
32. Erdodi, L.A.; Sagar, S.; Seke, K.; Zuccato, B.G.; Schwartz, E.S.; Roth, R.M. The Stroop test as a measure of performance validity in

adults clinically referred for neuropsychological assessment. Psychol. Assess. 2018, 30, 755–766. [CrossRef] [PubMed]
33. Cao, X.D.; MacNaughton, P.; Cadet, L.R.; Laurent, J.G.C.; Flanigan, S.; Vallarino, J.; McLay, D.D.; Christiani, D.C.; Spengler, J.D.;

Allen, J.G. Heart rate variability and performance of commercial airline pilots during fight simulations. Int. J. Environ. Res. Public
Health 2019, 16, 237. [CrossRef] [PubMed]

34. Sheehy, J.B.; Kamon, E.; Kiser, D. Effects of carbon dioxide inhalation on psychomotor and mental performance during exercise
and recovery. Hum. Factors 1982, 24, 581–588. [CrossRef] [PubMed]

35. Pang, L.P.; Zhang, J.; Cao, X.D.; Wang, X.; Liang, J.; Zhang, L.; Guo, L. The effects of carbon dioxide exposure concentrations on
human vigilance and sentiment in an enclosed workplace environment. Indoor Air 2021, 31, 467–479. [CrossRef]

36. Du, B.; Tandoc, M.C.; Mack, M.L.; Siegel, J.A. Indoor CO2 concentrations and cognitive function: A critical review. Indoor Air
2020, 30, 1067–1082. [CrossRef] [PubMed]

37. Vehvilainen, T.; Lindholm, H.; Rintamaki, H.; Paakkonen, R.; Hirvonen, A.; Niemi, O.; Vinha, J. High indoor CO2 concentrations
in an office environment increases the transcutaneous CO2 level and sleepiness during cognitive work. J. Occup. Environ. Hyg.
2016, 13, 19–29. [CrossRef] [PubMed]

38. Zhang, J.; Cao, X.D.; Wang, X.; Pang, L.P.; Liang, J.; Zhang, L. Physiological responses to elevated carbon dioxide concentration
and mental workload during performing MATB tasks. Build. Environ. 2021, 195, 107752. [CrossRef]

39. McEwen, B.S. Physiology and Neurobiology of Stress and Adaption: Central Role of the Brain. Physiol. Rev. 2007, 87, 873–904.
[CrossRef]

40. Alexander, C.S.; Hanns-Christian, G. Methodology in Human Physiology in Extreme Environments; Academic Press: London,
UK, 2015.

41. Lan, L.; Lian, Z. Application of statistical power analysis—How to determine the right sample size in human health, comfort and
productivity research. Build. Environ. 2010, 45, 1202–1213. [CrossRef]

http://doi.org/10.1080/13506280500527676
http://doi.org/10.1037/h0043688
http://doi.org/10.3389/fpsyg.2018.02208
http://doi.org/10.1037/1076-898X.8.2.75
http://doi.org/10.1016/S0140-1971(03)00036-8
http://doi.org/10.1037/h0054651
http://doi.org/10.1037/pas0000525
http://www.ncbi.nlm.nih.gov/pubmed/29470092
http://doi.org/10.3390/ijerph16020237
http://www.ncbi.nlm.nih.gov/pubmed/30654438
http://doi.org/10.1177/001872088202400508
http://www.ncbi.nlm.nih.gov/pubmed/6816717
http://doi.org/10.1111/ina.12746
http://doi.org/10.1111/ina.12706
http://www.ncbi.nlm.nih.gov/pubmed/32557862
http://doi.org/10.1080/15459624.2015.1076160
http://www.ncbi.nlm.nih.gov/pubmed/26273786
http://doi.org/10.1016/j.buildenv.2021.107752
http://doi.org/10.1152/physrev.00041.2006
http://doi.org/10.1016/j.buildenv.2009.11.002

	Introduction 
	Methods 
	Participants 
	Environmental Conditions 
	Cognitive Tests 
	Experimental Procedure 
	Statistical Analysis 

	Results 
	Perception 
	Attention 
	Short-Term Working Memory 
	Risky Decision-Making 
	Executive Ability 

	Discussion 
	Comparison with Previous Studies 
	Potential Mechanism Underlying the Cognitive Performance 
	Exposure Limit for CO2 Concentration in Workplaces 
	Limitation of This Study 

	Conclusions 
	References

