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Abstract To extend the results of a previous study on the effects of carbon dioxide (CO2) and 

bioeffluents on humans, the new study reported in this paper was carried out. The purpose of 

this study was to examine, whether exposure to CO2 at 5,000 ppm would cause sensory 

discomfort, evoke acute health symptoms, reduce the performance of cognitive tasks, or result 

in changes in physiological responses. The outdoor air supply rate was set high enough in a 

low-emission stainless-steel climate chamber to create a reference condition with CO2 at 500 

ppm when subjects were present, and chemically pure CO2 was added to the supply air to 

create an exposure condition with CO2 at 5,000 ppm (the measured exposure level was ca. 

4,900 ppm). Ten healthy college-age students were exposed twice to each of the two 

conditions for 2.5 hours in a design balanced for order of presentation. The raised CO2 

concentration had no effect on perceived air quality or physiological responses except for end-

tidal CO2 (ETCO2), which increased more (to 5.3 kPa) than it was in the reference condition 

(5.1 kPa). Other results indicate additionally that a 2.5-hour exposure to CO2 up to 5,000 ppm 

did not increase intensity of health symptoms reported by healthy young individuals and their 

performance of simple or moderately difficult cognitive tests and some tasks resembling 

office work. These results accord well with the current occupational exposure limit 

recommendation for CO2 and with many other reports published in the literature. 

Key words Carbon dioxide; Perceived air quality; Acute health symptoms; Cognitive 

performance; Physiological responses 

 

Practical Implications 

The present results provide some support to the currently recommended occupational 

exposure limit for CO2. They show that a concentration of CO2 up to 5,000 ppm during brief 

exposures no longer than 2.5 h, will not decrease perceived air quality, increase intensity of 

self-assessed acute health symptoms or negatively affect the performance of some aspects of 
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office work. Thus a mere removal of CO2 is not sufficient to avoid negative effects of 

exposures indoors; other pollutants need to be removed as well. 

 

1. Introduction 

Since the 19th Century, the indoor carbon dioxide (CO2) concentration has been used as an 

indicator of air quality in buildings and of the effective outdoor air supply rate in occupied 

rooms (Pettenkofer, 1858). Many studies have used CO2 as a marker for exposure levels 

indoors and for ventilation efficiency, and examined the relationship between measured 

concentrations of CO2 and subjectively assessed acute health symptoms (e.g., Seppänen et al., 

1999; Apte et al., 2000; Erdmann et al., 2002), impairment in cognitive performance (e.g., 

Myhrvold et al., 1996; Myhrvold and Olesen, 1997; Coley et al., 2004; Bakó-Biró et al., 2008; 

Haverinen-Shaughnessy et al., 2011; Wargocki and Wyon, 2013) and absence rates (e.g., 

Milton et al., 2000; Mendell et al., 2013). In all of these studies, none of the observed effects 

were attributed to CO2. CO2 was simply regarded as a harmless indicator of the likely 

presence of harmful pollutants.  

The source of CO2 in non-industrial indoor environment is human metabolism. Taking the 

production rate of CO2 by humans and ventilation rate, the measured levels of CO2 indoors 

very seldom exceed 5,000 ppm, i.e. the current 8-hour occupational exposure limit set by the 

Occupational Safety and Health Administration (OSHA) (CCOHS, 2005) and the American 

Conference of Governmental Industrial Hygienists (ACGIH, 2011); the ceiling limit of 

30,000 ppm for 10-minute exposure set by ACGIH is only relevant for industrial exposures as 

it is highly unlikely that it would occur in non-industrial settings. As summarized in the 

literature survey performed by Zhang et al. (2016a), at levels below 10,000 ppm no toxic 

effects of CO2 are expected, and even no physiological responses due to CO2 exposures were 

observed that could plausibly lead to negative health effects. The published studies show that 
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measurable effects on the respiratory system (increased respiratory rate, minute ventilation 

rate or the arterial partial pressure of CO2) and changes in the cardiovascular system 

(increased heart rate and blood pressure) occur at CO2 concentrations higher than 10,000 ppm 

or even when CO2 concentrations are above 30,000-50,000 ppm (Sechzer et al., 1960; 

Schaefer et al., 1963; Woods et al., 1988; Maresh et al., 1997; Bailey et al., 2005). No effects 

of CO2 on the performance of subtraction, logical reasoning or short-term memory were seen 

either during brief exposures of 20 min to CO2 levels up to 65,000 ppm (end-tidal CO2 

(ETCO2) reached 6.7 kPa) (Sayer et al., 1987). Thus the previous studies show that negative 

effects of exposure to pure CO2 occur at concentrations that are at least one order of 

magnitude higher than those that occur in non-industrial indoor environments.  

These results are confirmed by recent study by Zhang et al. (2016a,b). They exposed 

twenty-five subjects to CO2 at 1,000 ppm and 3,000 ppm; CO2 was dosed from gas cylinders 

into chamber to attain these two levels, while other pollutants were kept at very low level by 

setting ventilation at a high rate. Compared to the CO2 level at 500 ppm, exposure to CO2 

levels up to 3,000 ppm did not cause any significant changes in perceived air quality, the 

intensity of acute health symptoms rated by the subjects themselves or the performance of 

cognitive tasks resembling office work. ETCO2 level reached 5.4 kPa at CO2 of 3,000 ppm 

while it was 5.1 kPa during exposure to CO2 at 500 ppm. The performance of a cue-utilization 

test tended to decrease during exposure to CO2 at 3,000 ppm. No changes in stress/arousal 

indicators and other physiological responses were found. 

 Contrary to the studies mentioned above three recent independent studies showed that 

exposure to elevated CO2 at levels below 3,000 ppm can negatively affect the performance of 

proof-reading (Kajtár and Herczeg, 2012) and influence a complex test of decision-making 

ability (Satish et al., 2012; Allen et al., 2015). In these three studies, CO2 was dosed from gas 

cylinders while ventilation rate was sufficiently high to keep other pollutants at low levels. 
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The study by Kajtár and Herczeg (2012) observed some physiological effects of exposure to 

pure CO2 at 3,000 ppm, including increased diastolic blood pressure and decreased mid-

frequency components of heart rate variability, which may suggest an elevated stress level; no 

other health effects were observed. Satish et al. (2012) and Allen et al. (2015) did not report 

any results of physiological responses or results of measurements of health effects.  

The present study was carried out to further examine the effects of exposure to pure CO2 

and to investigate the possible reasons for the discrepancy between the findings by Zhang et 

al. (2016a,b) and the above studies by Kajtár and Herczeg (2012), Satish et al. (2012) and 

Allen et al. (2015). The hypothesis was that no measured outcomes would be changed by 

increasing CO2 to 5,000 ppm, i.e. to the current 8-hour occupational exposure limit and the 

level higher than that examined in the previous studies mentioned above (Kajtár and Herczeg, 

2012; Satish et al., 2012; Allen et al., 2015). 

 

2. Methods 

2.1 Approach 

The experimental approach was similar to that used in a previous experiment by Zhang et al. 

(2016a,b). Ten subjects in two groups of five were exposed in a stainless climate chamber for 

153 minutes to two conditions: a reference exposure condition when CO2 generated by 

subjects occupying the chamber was kept at 500 ppm, and an exposure condition when CO2 

was elevated to 5,000 ppm by dosing it from the gas cylinders. The order of presentation of 

conditions was balanced according to the Latin-square design. The subjects were exposed 

twice to each condition, thus they were exposed in the chamber for four times: They were first 

exposed to the pair of conditions (CO2 at 500 and 1,000 ppm) and then to the same pair of 

conditions in the reversed order. The subjects remained blind to exposure conditions. During 

each exposure, they rated air quality and thermal comfort, assessed the intensity of their acute 
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health symptoms, indicated the level of effort they had exerted and performed a number of 

cognitive performance tasks. The physiological responses of the subjects were monitored to 

examine whether there were any effects on respiratory or cardiovascular systems. Saliva 

samples were collected for later analysis of stress biomarkers. 

 

2.2 Facilities 

The experiment was carried out in the climate chamber described in detail by Albrechtsen 

(1988) and Zhang et al. (2016b). The chamber is made of stainless steel. It has a floor area of 

3.6 × 2.5 m and a volume of 30 m3 including recirculation ducts. The ventilation is achieved 

by using a piston-type air distribution through a perforated floor with a sub-floor plenum. A 

grid is placed above the perforated plate to allow walking. The size and distribution of the 

holes in the perforated plate is designed to obtain uniform airflow over the grid at a very low 

air velocity. Consequently, there are no complaints of uncomfortable air movement (draft) 

even when the chamber is operated at the highest possible air change rate up to 60 h-1. The air 

in the chamber is well mixed due to air distribution principle and recirculation. New G3/F7 

particle filters were installed in the supply ducts immediately prior to the present experiment. 

No other filters or air cleaners were used. The chamber was thoroughly cleaned prior to the 

experiments and ‘baked’ for one week at a temperature of 40°C to reduce any residual 

pollution on the inner surfaces of the chamber and its ducting. No chemical measurements 

were performed prior to the experiment to examine whether the background pollution level 

was in fact low, but many previous experiments performed in the same chamber have 

documented that the chamber is indeed low-emitting (e.g., Fang et al., 1998a,b; Kjærgaard et 

al., 1999; Pejtersen et al., 2001; Zhang et al., 2016b). The sensory assessments of air quality 

made by the subjects in the present experiment (see the Results section and Fig. 2) confirm 

that the level of perceived air quality was high in the chamber and thus that the levels of any 
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residual pollutants in the chamber volume were low. There were six workstations in the 

chamber for the 5 subjects and an experimenter, each workstation consisting of a table, a chair, 

a laptop PC and a desk lamp.  

 

2.3 Subjects 

Ten healthy college-age subjects (5 males, 5 females) were recruited to take part in the 

experiments and all of them completed all 4 scheduled exposures. All subjects were students 

with a mean±SD age of 25±2 years old, mean±SD height of 176±8 cm and mean±SD weight 

of 70±9 kg. They were all non-smokers. All subjects received a 1-hour session of training 

prior to the experiments. During this session they were instructed on how to fill out the 

questionnaires, they practiced the cognitive tasks used for measuring performance, and the 

physiological measurements were made so they could get familiar with all procedures. The 

subjects were asked to adjust their clothing to remain thermally neutral during the practice 

session (the average thermal insulation of their clothing after this session was about 0.37 clo). 

They were then requested to wear garments with similar insulation during the actual 

experiments. The subjects were instructed to avoid drinking alcohol or eating spicy food on 

the day prior to and on the day of exposure. They were also asked not to use strong perfume 

or perfumed hygienic products on the exposure days. The subjects were paid at a fixed rate 

for taking part in the experiments.  

 

2.4 Experimental Conditions 

Two exposure conditions were established in the chamber: a reference exposure condition 

with CO2 at 500 ppm (referred to as B500) and an exposure condition with elevated CO2 at 

5,000 ppm (referred to as P5000).  
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In the reference condition (B500), the ventilation rate was set at 720 m3/h (corresponding to 

24 h-1). This was high enough to reduce the CO2 concentration generated by 5 subjects and 

the experimenter who remained in the chamber during exposures to 500 ppm. The 

concentration of human bioeffluents emitted by the subjects and the experimenter will also 

have been reduced to a correspondingly low level. In the high exposure condition of 5,000 

ppm (P5000), the ventilation rate was the same as in the reference condition, in order to keep 

the concentration of background emissions, human bioeffluents and metabolically-generated 

CO2 as low as in B500. In this condition, CO2 (99.99% in quality) was added to the supply air 

at a constant rate of 54 L/min to maintain its concentration in the chamber at a level close to 

5,000 ppm. Real-time measurements of CO2 concentration in the climate chamber were made 

during exposures to ensure that the intended concentrations were achieved and to ensure that 

CO2 levels did not exceed 5,000 ppm. 

In both exposure conditions, temperature, relative humidity, noise level and lighting level 

were kept constant at 26°C, 35%, 48 dB(A) and 380 lux. Two-degrees higher temperature 

than in the study by Zhang et al. (2016a,b) was selected because the present experiment was 

performed in summer (mid August 2014), while the previous study was carried out in late 

winter and early spring (from February to April). The subjects reported to be approximately 

thermally neutral during practice session at 26°C and also in all four exposures (see the 

Results section). Another reason for selecting this temperature was to match the thermal 

condition with an experiment that examined the effects of elevated temperature (35°C) and 

the combined effects of elevated temperature and CO2 (Liu and Wargocki, 2015; Liu et al., 

2016).  

 

2.5 Measurements 
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A measurement station was placed in the chamber at the head height of a seated person. It 

consisted of a calibrated CARBOCAP®CO2 monitor (GMW22, Vaisala, Finland) with a 

measuring range of 0-5,000 ppm and an accuracy of ±2% of range + 2% of reading, and a 

response time of 1 min, a sensor for temperature (measurement range 0-50°C, accuracy 

±0.35°C) and relative humidity (measurement range 10-90%, accuracy ±2.5%), and a HOBO 

U12-013 data logger (Onset Computer Corp., USA) connected to the sensors to record the 

data. CO2 concentration, air temperature and humidity were monitored continuously. Ozone 

concentration was measured continuously at the centre of the chamber using an ozone 

monitor Model 205 by 2B Technologies Inc. (measurement range 1 ppb to 250 ppm, accuracy 

±2% of reading). Lighting intensity and sound level were measured when no occupants were 

present in the chamber. The lighting intensity was measured with a lux meter Testo 540 by 

Testo AG (measurement range 0-99,999 lux, accuracy ±3%) and the sound level was 

measured with a digital sound level meter by EXTECH (measurement range 35-130 dB(A), 

accuracy ±1.5 dB(A)). It must be remarked that the accuracy of instruments presented above 

is based on the specifications provided by the manufacturers. 

Subjective measurements were carried out using the same questionnaires as were used in 

the previous study by Zhang et al. (2016b). They included questions regarding perception of 

indoor environment, including the acceptability of the air quality, odour intensity, air 

freshness, thermal sensation and acceptability of thermal environment, air dryness, brightness 

and noise level. The intensity of each of the following acute health symptoms was rated by 

the subjects: nose dryness, throat dryness, skin dryness, eye dryness, eyeache, headache, 

difficulty in thinking clearly, difficulty in concentration, fatigue, dizziness, depression and 

sleepiness. Ratings of self-estimated performance were collected too. The subjective 

assessments described above were obtained repeatedly during each exposure, as shown in Fig. 

1. 
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During the exposures, the subjects performed text typing and addition to examine the 

effects of increased CO2 on the component skills required to perform office work (Fig. 1). 

Each task took 30 minutes to complete. In the text typing task, subjects retyped a printed 

English text onto the PC using Microsoft Word; the number of characters typed per minute 

and the error rate were calculated as the measures of performance. The error rate was 

estimated using the Levenshtein distance, which is a measure of the difference between a 

source string and a target string; a higher Levenshtein distance indicates more differences 

between two strings, i.e. that more errors were made (Levenshtein, 1966). In the addition task, 

subjects added five two-digit numbers that were printed in a vertical column; the number of 

units completed per minute and the percentage error rate were calculated. The subjects also 

performed a cue-utilization test known as the Tsai-Partington test (Partington, 1949; 

Partington and Leiter, 1949), in which they drew a line as quickly and accurately as possible 

connecting numbers in the ascending order. Thirty numbers were selected randomly between 

1-99 and were scattered randomly on a page. The time allocated to perform the test was 40 s, 

which was too short for the subjects to connect all of the numbers. The total number of correct 

links made during the available time was counted as the measure of performance. 

Several physiological measurements were made. They included continuous measurement of 

heart rate using a Suunto belt (SS014543000, Suunto Oy), measurements of blood pressure 

immediately prior to and after the exposure using a Beurer BM 35 monitor, measurements of 

respiration rate overlapping the periods of text typing, using an apparatus developed by the 

experimental team consisting of a thermistor attached to a headset (Zhang et al., 2016b), and 

three repeated measurements of ETCO2 and SPO2 immediately prior to each exposure and 

each hour during the exposure, using a Lifesense Monitor by MedAir AB. The measurable 

range of ETCO2 was 0-9.9 kPa and the accuracy was ±0.2 kPa + 6% of reading; the 

measurable range of SPO2 was 0-100% and the accuracy was ±2% as provided by the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

manufacturer. In addition, saliva samples were collected before and after the exposure for 

later analysis of the changes in two stress biomarkers: α-amylase and cortisol. The samples 

were collected by asking subjects to drool into a container. Immediately after collection, the 

saliva samples were centrifuged and stored in a freezer (storage temperature -20°C) until they 

were sent for analysis performed by a certified laboratory. Amylase assay was performed with 

Integra 400 plus (Roche Diagnostics Ltd.). The detection limit was 3 U/L (0.003U/ml) and the 

analytical error of measurement was 5.7%. Cortisol assay was performed with Cobas 

6000/e601 (Roche Diagnostics Ltd.). The detection limit was 0.018 ug/dl (0.4968 nmol/L), 

and the analytical error of the measurement was 11.7%. The analytical accuracy of saliva 

bioassays was provided by the commercial laboratory that performed analyses. 

 

2.6 Experimental Procedure 

The experiment was conducted in two successive weeks in the middle of August 2014, each 

week from Monday to Thursday. The subjects were randomly assigned to 2 groups of 5 

subjects; one group participated in the experiments on Mondays and Wednesdays, while the 

other took part on Tuesdays and Thursdays always on the same time of the day.  

Each day, the experiment started at 14:00 and ended by 17:00 (Fig. 1). Immediately upon 

arrival, the subjects put on the Suunto belt, blood pressure and ETCO2/SPO2 were measured, 

and saliva samples were obtained. Once these physiological measurements were completed, 

the subjects entered the chamber. Immediately upon entering the chamber, they assessed air 

quality and odour intensity. They then sat down at their respective workstations and 

performed assessments and tasks according to the schedule shown in Fig. 1. 

After the 153-minute exposure the subjects left the chamber. Blood pressure was measured 

and saliva samples were obtained again. The subjects then re-entered the chamber and 

immediately upon entering assessed again the air quality and odour intensity.  
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The study conformed with the Ethics Review Board approval (KA04741). 

 

 

 Fig. 1 Experimental procedure, where PAQ/TC/SBS/SLP stands for assessments of perceived 

air quality, thermal conditions, acute health symptoms and sleepiness; SEP stands for self-

estimated performance; TPT stands for Tsai-Partington test; PM stands for physiological 

measurements, PM1 includes measurements of ETCO2/SPO2, blood pressure and saliva 

sampling, while PM2 includes only measurement of blood pressure and saliva sampling 

 

2.7 Statistical Analysis 

Measures of central tendency and variance were obtained for all parameters measured and 

rated by the subjects separately for each week after all data had been checked for gross errors. 

All outcomes were analysed using a general linear analysis of variance model with repeated 

measures. Exposure conditions (c) and the time at which different assessments were made 

during the day (t) were included as within-subject factors; condition×time interaction (ct) was 

automatically included in the model as a within-subject factor. It was independently examined 

whether week-to-week responses were consistent. Because they were not significantly 

different from each other, repetition was not included in the model as a factor. The analysis 
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was made with the SPSS 19.0 program. This program was also used to perform post-hoc 

analyses using a paired t-test, whose purpose was to compare differences between conditions 

at the same time moments or between time moments within the same condition. The 

significance level was set to 0.05 (2-tail). 

Although only ten subjects participated in the present experiment, the repeated measures 

design with repetition secures that the statistical power of the present study is 0.92 as 

calculated from post-hoc power analysis using software G*power 3.0 (Faul et al., 2007), 

assuming a large effect size at 0.4 based on the prior similar experiments with human subjects 

(Lan and Lian, 2010; Lan et al., 2011). The statistical power of the present study is higher 

than of the preceding study by Zhang et al. (2016a,b). Zhang et al. examined the effects of 

elevated CO2 exposures, and 25 subjects participated. Repeated measures design without 

repetition was used and the statistical power was 0.85. The statistical power of both studies 

was higher than 0.8, which is the generally acceptable level.  

 

3. Results 

Table 1 shows that the conditions measured in the chamber were close to the intended values. 

The CO2 level in the high CO2 condition (P5000) was slightly lower than planned (by about 

100 ppm) to make sure that it did not exceed the occupational exposure limit. Table 1 shows 

that other parameters did not differ between the two exposure conditions. 

 

Table 1 Measured conditions during exposures in the chamber (mean ± SD) 

Condition 
CO2 

(ppm) 
Temperature 

(°C) 
Humidity 

(%) 
Indoor O3 

(ppb) 
Lighting 

(Lux) 
Noise 

(dB(A)) 

B500 409±21 26.1±0.1 35±2 31±8 
378±73 48±0.5 

P5000 4913±146 26.0±0.2 35±2 34±3 
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There was no significant difference in the assessments of acceptability of air quality 

between reference exposure (B500) and the high CO2 exposure (P5000) both upon entering 

the chamber prior to exposure, during exposures in the chamber, and upon re-entering the 

chamber after the exposures were completed (Fig. 2). The estimated percentage of subjects 

dissatisfied with air quality, calculated from the ratings of acceptability of air quality, was 

about 10% (Wargocki, 2004). This indicated that the background pollution level in the 

chamber was indeed low, as expected, and that the elevated CO2 level did not change sensory 

responses of subjects. This was further confirmed by the assessments of odour intensity and 

air freshness (Fig. 2): subjects assessed the intensity of the odour in the chamber close to 

slight and the air was perceived as neither stuffy nor fresh independently of the exposure 

conditions. 

Subjects reported that they felt slightly warmer than neutral during the exposures, but the 

thermal sensation reported by the subjects did not differ between conditions (Fig.2). Subjects 

reported that the acceptability of the thermal conditions was quite high; using these 

assessments it was estimated that fewer than 12% of the subjects were dissatisfied with the 

thermal conditions. The ratings of perceived brightness, air dryness and noise level did not 

differ between exposure conditions (data not shown). 
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Fig. 2 Subjective perceptions of air quality and thermal condition in the chamber; the bars 

show the 95% confidence interval (95%CI) 

 

Fig. 3 shows the ratings of the intensity of the acute health symptoms reported by the 

subjects; only symptoms that either differed between the exposure conditions or changed in 

the course of exposures are shown. The only occasion when the intensity of any symptom 

differed significantly between conditions was for the nose dryness. It was systematically less 

intense at P5000 than at B500; the difference was however small and it was statistically 

significant only at the beginning of exposure.  Subjects reported that they felt worse, were 
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more tired and sleepy, and it was more difficult to think clearly and concentrate the longer 

they stayed in the chamber. These temporal changes were statistically significant but they did 

not differ between the exposure conditions (Fig. 3). There was no significant change in the 

intensity of any other symptoms (data not shown). 

 

Fig. 3 Intensity of acute health symptoms that differed significantly between conditions (only 
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nose dryness) or changed significantly over the exposure time (all symptoms presented); the 

bars show the 95%CI 

 

There were no significant differences in self-estimated performance between the two 

exposure conditions. 

Table 2 shows that there were no significant differences between the two exposure 

conditions in the performance of Tsai-Partington test or cognitive tasks resembling office 

work.  

 

Table 2 Performance of Tsai-Partington test, text typing and addition tasks (Mean ± 95%CI)  

Task Index 
Condition p-value for difference 

between conditions B500 P5000 
Tsai-Partington  Number of correct connections 10.9±0.8 10.3±0.7 0.175 
Text typing Characters typed per minute 165.7±7.8 174.1±7.8 0.122 

Error rate (%) 1.3±0.2 1.5±0.3 0.198 
Addition Units completed per minute 3.8±0.4 3.8±0.4 0.768 

Error rate (%) 6.1±1.4 6.3±1.9 0.830 
 

Fig. 4 (left) shows that ETCO2 increased during both exposure conditions compared with 

the pre-exposure level. The levels of ETCO2 were systematically higher in P5000 compared 

with B500, although the differences were small. ETCO2 levels during the exposures (the last 

two measurements shown in Fig. 4 left) were averaged and compared: The average level of 

ETCO2 for P5000 was significantly higher than for B500 (P<0.05) (Fig. 4 right).  
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Fig. 4 Change of ETCO2 along the course of exposure (left) and average of ETCO2 during the 

exposure in each condition (right); the first measurement of ETCO2 was implemented 15 

minutes prior to entering the chamber; the bars show 95%CI 

 

The exposure to 5,000 ppm did not cause any measurable changes in respiration rate.  

Due to instrument failure the results of heart rate measurements were available only for 5 

subjects. The available data show that there were no systematic differences in heart rate 

between the two exposure conditions. Heart rate decreased slightly over the course of 

exposure, but this decline was independent of exposure conditions.  

No change in blood pressure was observed after 2.5-hour exposure compared to the pre-

exposure levels in either exposure conditions.  

SPO2 increased slightly over the course of the exposure independently of conditions but no 

significant differences between exposure conditions were observed. 

Table 3 shows the concentrations of salivary α-amylase and cortisol prior to and after each 

exposure. The level of salivary α-amylase was higher prior to exposure to CO2 at 5,000 ppm 

(P5000) compared with B500. It decreased after 2.5-hour exposure independently of the 

exposure conditions. The decline was statistically significant only when the subjects were 

exposed to B500. Consequently, the α-amylase level after exposure to P5000 was higher than 
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after exposure to B500. No difference in cortisol levels was observed between the two 

exposure conditions. The cortisol levels decreased after 2.5-hour exposure independently of 

conditions and the decrease was again statistically significant only at B500. 

 

Table 3 Concentrations of α-amylase and cortisol in Saliva (Mean ± 95%CI)  

Condition 
α-amylase (U/ml) 

 

Cortisol (nmol/l) 
Before After After-Before Before After After-Before 

B500 136.8±44.7 98.3±25.2 -19.1±20.9* 14.6±1.5 12.3±1.2 -1.0±1.1* 
P5000 142.1±45.5 131.5±49.3 -5.1±22.4 14.5±2.6 13.2±1.7 -0.5±1.7 

*denotes that the difference between the levels prior to and after the exposure was statistically significant 
(P<0.05). 

 

4. Discussion 

In the previous study, Zhang et al. (2016a,b) exposed subjects for 4.5 hours to elevated CO2 at 

1,000 ppm and 3,000 ppm; the elevated CO2 levels were attained with similar approach as 

used in the present study, i.e. by adding it from cylinders and keeping all other pollutants at 

low levels by ensuring a high ventilation rate. No changes in responses of the subjects were 

seen at either of the two exposure conditions as regards the perceived air quality, thermal 

comfort, acute building-related health symptoms or cognitive performance. The present study 

confirms these findings and extends the previous findings and conclusions to the CO2 level of 

5,000 ppm, although for exposures lasting only 2.5 hours.  

ETCO2 was the only physiological response among many other physiological responses 

measured in the present experiment that differed between the exposure conditions. Exposure 

to CO2 at 5,000 ppm for 2.5 hours resulted in ETCO2 of 5.3 kPa, while ETCO2 was 5.1 kPa in 

the reference exposure condition when CO2 was 500 ppm  (Fig. 4). This is consistent with the 

results obtained in the previous study by Zhang et al. (2016a), where the similar trend was 

observed during exposure to pure CO2 at 3,000 ppm (the levels of ETCO2 was then 5.4 kPa). 

Other experiments have shown that exposure to considerably higher CO2 concentrations of 
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30,000 ppm to 65,000 ppm can result in notably increased ETCO2. These concentrations can 

increase ETCO2 to as high as 6.0 kPa to 7.9 kPa (e.g., Consolazio et al., 1947). ETCO2 is 

increased because of changes in respiration rate and tidal volume (Guillerm and Radziszewski, 

1978; Schaefer, 1979); no changes in respiration rate were observed in the present experiment. 

It is therefore likely that the tidal volume caused that ETCO2 increased. However, the tidal 

volume was not measured in the present experiment, so it is not possible to verify this 

postulation. Zhang et al. (2016a,b) also postulated that tidal volume increased when subjects 

were exposed to CO2 at 3,000 ppm.  

Although ETCO2 increased somewhat in the present experiments, this change did not cause 

any negative effects. Increased ETCO2 can cause changes in breathing pattern, as discussed 

above, but can also affect cognitive performance. For the latter to occur, Sayers et al. (1987) 

suggest that ETCO2 must rise above 6.8 kPa (51 Torr), which is much higher than the 5.3 kPa 

measured in the present experiment (Fig. 4). The study by Sayers et al. (1987) did not observe 

any habituation during 80 min exposure to CO2 level of 65,000 ppm, during which period 

ETCO2 increased remarkably; they also noticed that there was a non-significant tendency for 

ETCO2 to marginally decline towards the end of the exposure. The reason could be that long 

periods with increased ETCO2 can result in some physiological adaptation. Schaefer (1979) 

showed that in such case, excess CO2 would be removed through accumulation in the bones, 

and when a critical level is reached, through the kidneys. It should be noted that Schaefer 

made these observations during exposures to ambient levels of CO2 in the range of 7,000-

10,000 ppm, i.e. at the levels that were higher than the levels normally measured indoors as 

well as higher than the levels studied in the present experiment.  

Zhang et al. (2015a) observed that heart rate decreased less when CO2 was 3,000 ppm 

compared with the reference condition of 500 ppm, but no such difference in heart rate was 

observed in the present experiment. A possible reason could be that heart rate data were only 
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available for 5 subjects and that the exposure time was only 2.5 hours. In the previous study 

by Zhang et al. (2016a), heart rate data were available for 25 subjects and the exposure time 

was 4.5 hours.  

No other physiological responses to exposure to pure CO2 at 5,000 ppm were observed in 

the present experiment. This agrees well with previous experiments by Zhang et al. (2016a,b) 

and others, e.g. Law et al. (2010), showing no physiological reactions during exposure to pure 

CO2 at any level below 10,000 ppm. That physiological responses at two exposure conditions 

did not differ either prior to experiments suggests additionally that prior exposures before 

arriving to the experiments did not affect the present results. 

That cognitive performance was not affected by exposure to CO2 at 5,000 ppm is in 

agreement with some of the research published previously, which actually did not observe 

negative effects of CO2 even when it was one order of magnitude higher than in present 

experiment. Case and Haldane (1941) did not see any negative effects on the performance of 

skill and arithmetic tests after a few minutes of exposure to CO2 as high as 60,000-70,000 

ppm. Sayers et al. (1987) did not see effects on the Baddeley test of logical reasoning during 

exposures to CO2 at 65,000 ppm that were up to 80 min long. They also reported that other 

studies did not observe any effects on reaction time (Sheehy et al., 1982; Henning et al., 1985), 

short term memory (Sheehy et al., 1982) or arithmetic tests (Case and Haldane, 1941; 

Consolazio et al., 1947) during exposures to CO2 at levels up to 60,000 ppm. The present 

results are different however from the studies by Kajtár and Herczeg (2012), Satish et al. 

(2012) and Allen et al. (2015) who showed the negative effects of CO2 on cognitive 

performance. Kajtár and Herczeg (2012) observed a decrease in the performance of a proof-

reading task during 3-hour exposure to CO2 at 3,000 ppm, but the description of their 

experiment was inadequate in some respects and the effect was observed only on one 

occasion during two series of experiments. The studies by Satish et al. (2012) and Allen et al. 
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(2015) were obtained in experiments with a very strong design, controlling well for possible 

confounding and disturbing factors. Their results were very systematic and consistent. They 

showed that exposure to CO2 reduced significantly the performance of a complex test of 

decision-making at levels as low as 1,000 ppm during up to 8-hour exposure. They used a 

battery of tests known as the Strategic Management Simulation (SMS) (Streufert et al., 1988; 

Breuer et al., 2003; Satish et al., 2004). This test is very different from the tasks used in the 

present study as well as other studies mentioned above. It examines higher-order cognitive 

skills by exposing participants to unfamiliar situations based on real-world equivalent 

challenges in complex decision-making. The SMS test requires using many skills and abilities 

(i.e. it is multi-tasking) and consequently it needs a high cue-utilization capacity, i.e. a low 

arousal/stress level. Considering present results it may be postulated that simple or familiar 

cognitive tasks may not be affected by elevated CO2 levels. Considering the work by Satish et 

al. (2012) and Allen et al. (2015), it may additionally be postulated that CO2 is only critical 

for certain tasks, which are not typical or widely exercised by work force in offices. 

Since no toxic effects of CO2 at the levels used by Satish et al. (2012) or Allen et al. (2015) 

would be expected based on the published research (e.g. Schaefer, 1979; Law et al., 2010; 

Zhang et al., 2016a), it seems possible that poor performance of the SMS test could be due to 

other reasons. It may be postulated that reduced performance occurred because of the elevated 

stress/arousal level of individuals taking the test. Because SMS is complex, difficult and 

unfamiliar, it may create stressful situation resulting in elevated arousal, as postulated by 

Yerkes-Dodson (1908). This may result in less than optimal performance even at low CO2 

levels close to background levels. According to the Yerkes-Dodson Law, further increase in 

arousal would have negative effects on the performance of such a test. This would suggest 

that elevated CO2 levels in the studies by Satish et al. (2012) and Allen et al. (2015) increased 

arousal, and this was the main reason causing the poor performance of SMS. In the present 
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study and the study by Zhang et al. (2016a,b), there was a weak indication that CO2 might 

increase arousal/stress levels slightly: There was a non-significant tendency for performance 

of Tsai-Partington test, which is a much more direct test of cue-utilization than SMS, to be 

reduced during exposures to high CO2 levels, even though there were no other indications of 

elevated stress, i.e. other stress indicators, including blood pressure and salivary biomarkers, 

were not affected. Whether the difference in task difficulty is indeed the reason in discrepancy 

between the results of the studies by Satish et al. (2012) and Allen et al. (2015) needs to be 

examined in the future. However, this discrepancy may be manifestation of more general 

phenomenon also explaining why in some previous studies no effects of changing indoor 

climate parameters were seen and in some they were seen.   

The present results imply that exposure to pure CO2 concentrations below 5,000 ppm 

should not raise concerns regarding discomfort or risks for health. These results are valid for 

healthy young students and short exposures. Consequently, any discomfort and acute health 

symptoms due to insufficient ventilation should probably not be attributed to the presence of 

CO2, but to the presence of other pollutants originating indoors or outdoors, and/or to the 

products of chemical reactions and transformations; symptoms can also have a psychological 

origin (Brauer et al., 2006). Zhang et al. (2016a,b) showed directly that the effects should be 

attributed to other pollutants than CO2. They examined the effects of bioeffluents when 

ventilation rate was restricted to keep the metabolically-generated CO2 at 1,000 ppm or 3,000 

ppm. Contrary to the results obtained in the same experiment during exposure to pure CO2 at 

the same concentrations, exposure to bioeffluents significantly decreased the perceived air 

quality of visitors (when CO2 was at 1,000 and 3,000 ppm), increased the intensity of reported 

headache, sleepiness, fatigue and difficulty in thinking clearly, and reduced speed of addition, 

the response time in a redirection task and the number of correct links made in the cue-

utilisation test (when CO2 was at 3,000 ppm). They concluded that moderate concentrations 
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of bioeffluents, but not pure CO2, would result in deleterious effects on occupants during 

typical indoor exposure. Sarbu and Pacurar (2015) found that the performance of two 

cognitive tests continued to improve linearly when bioeffluents levels reduced as indicated by 

a decrease of CO2 level from 1,000 to 500 ppm. Ramalho et al. (2015) confirmed that even 

with low CO2 levels (i.e. high ventilation rate), the reduction of other pollutants remains 

necessary to avoid the exceedance of health guideline values and to achieve a satisfactory 

indoor air quality.  

The exposure duration in the climate chamber was 2.5 hours. This was shorter than the 

exposure of 4.25 hours in the study by Zhang et al. (2016a,b) and 8 hours by Allen et al. 

(2015), but was the same as in the study by Satish et al. (2012). Two and a half hours can also 

be considered as a typical duration of a long lecture or a period of an uninterrupted work 

segment. The total dose of CO2 received by subjects in this study was 5,000 ppm × 2.5 h = 

12,500 ppm·h, which was close to the dose subjects received in the study by Zhang et al. 

(2016a,b), in which the dose was 3,000 ppm × 4 h = 12,000 ppm·h. However, in the present 

experiment the initial level of CO2 was about 1.7 times higher. Whether present results can be 

extrapolated to longer exposure durations is unknown. It is also uncertain whether longer 

exposures would evoke acute health symptoms. Future work should further examine whether 

the prevalence of symptoms is dependent on the level of initial exposure, dose level, exposure 

duration or all these factors.  

The background noise level in the chamber was 48 dB(A). It was slightly on a higher side 

and was caused by the running ventilation fans. However, the subjects did not complain that 

the chamber was too noisy (data not shown). They did not complain of reduced well-being 

either (see Fig. 3 in the Results section). In previous studies noise level up to 48 dB(A) did 

not obscure the effects of reduced air quality on performance of tasks resembling office work 

(Wargocki et al., 1999, 2000; Zhang et al., 2016a,b). It is therefore unlikely that moderately 
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elevated acoustic levels in the present experiments could disturb the results. Future studies 

should nevertheless reduce to minimum the influence of factors such as background noise 

level that could potentially disturb the results. 

One limitation of the present experiment is that only young and healthy college-age 

students participated and this is not a baseline population. A recent study by Tham and Fadeyi 

(2015) shows that atopic subjects were less sensitive to poor air quality than non-atopic 

subjects. Their study found also that, when exposed to poor air quality, atopic participants 

reported generally higher intensity of physiological symptoms and performed less well in the 

concentration test. Whether exposure to elevated CO2 would cause negative effects on other 

populations, e.g. atopic individuals, elderly and infants, needs to be studied in the future 

experiments. 

 

5. Conclusions 

• Compared to CO2 at 500 ppm, 2.5-hour exposures to artificially raised CO2 close to 

5,000 ppm did not cause any significant changes in perceived air quality, acute health 

symptoms or the performance of tasks resembling typical office work. 

• Compared to CO2 at 500 ppm, 2.5-hour exposures to artificially raised CO2 at 5,000 

ppm increased ETCO2 slightly more. No other significant changes were seen in the 

measured physiological responses, which included blood pressure, respiration rate and 

stress biomarkers. 

• Further research is needed to investigate the effects of high CO2 exposure on cognitive 

performance using a variety of tasks with different levels of difficulty, while 

concurrently measuring stress level. 
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Highlights 

• 2.5-hour exposure to CO2 up to 5,000 ppm did not decrease perceived air 

quality 

• 2.5-hour exposure to CO2 up to 5,000 ppm did not evoke acute health 

symptoms 

• The examined CO2 exposures did not affect performance of some cognitive 

tasks 

• Discomfort and building related symptoms should not be attributed to CO2 


