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Abstract. It is a reported fact that a high CO2 concentration is a prob-
lem in school classrooms. However, the mere reporting of such results 
stops short of investigating causes; understanding is often missing. 
Steady-state results are often used in situations where changes occur 
frequently, such as varying student numbers, opening and closing 
classroom doors and windows and changing weather conditions. We 
revisit the mass balance model commonly used to predict or track 
CO2 concentrations in enclosed spaces as these factors change over 
time under varying conditions. This has prompted the study in several 
classrooms of actual air exchange rates, student exhalation rates, room 
volumes and ventilation design. In these cases, student numbers, room 
ventilation conditions (open and closed doors), room volume and the 
CO2 concentration have been recorded throughout the day. By fitting 
the model equation to the data, unknown parameters such as actual air 
change rates and CO2 exhalation rates per student can be determined. 
Having verified that the data can be modelled, we can predict behav-
iour in other cases such as a realistic rate of CO2 increase. This allows 
designers to size classrooms and ventilation systems to achieve a de-
sired CO2 characteristic for known usages while saving energy. 

Keywords. Ventilation theory; classroom ventilation; CO2 concentra-
tions; air change rates (ACH). 

1. Introduction 

There has been a significant amount of research world-wide, regarding the 
reporting of CO2 concentrations in school classrooms. Several of these were 
presented at the Healthy Buildings 2012 conference (O. Hänninen et al., J. 
Madureira, et al., L. Chatzidiakou et al., P. Wargocki and N. da Silva, and 
M.B. Luther et al.). Related papers report findings of insufficient outdoor air 
supply, inadequate exhaust airflows, poor air distribution or balance and the 
maintenance of HVAC systems (Wargocki and Wyon, 2006; Seppanen et al., 
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1999). Other reports claim that ventilation systems require a major upgrade 
and are in fact not properly designed for the classroom requirements 
(Geelen, et al., 2008; Fischer and Bayer, 2003 and Morris, 2003). Anticipat-
ed remedies provide estimated air exchange (ventilation) rates to avoid the 
increase in contaminants and CO2 increases (Seppanen et al., 1999; Daisey 
et al., 2003 and Becker et al., 2007). 

This paper confronts the understanding of the problem on three levels. 
First, is understanding the fundamental equation which models the CO₂ con-
centration. This highlights the parameters of the equation and their effect on 
CO2 concentration in the classroom and the rate of its increase or decrease. 
Second, is the use of this equation applied to actual case studies to estimate 
the parameters and understand their influence. Third, and perhaps the most 
important, is the application of CO2 concentration rate of change and how 
this can assist in the design concepts and control of HVAC systems for 
school classrooms. 

This paper utilizes the results of the MABEL (Mobile Architecture and 
Built Environment Laboratory) facility project, which measured several 
school classrooms for their CO2, comfort index and temperature stratifica-
tion levels (Luther and Atkinson, 2012). These Australian results confirm 
what has been discovered elsewhere internationally, that school classrooms 
frequently suffer poor indoor air quality, ventilation and comfort control. 

 

2. Background: Carbon Dioxide and Indoor Air Quality 

Carbon dioxide is not generally considered to be a health concern at typical 
indoor concentrations. In fact, according to the American Conference of 
Governmental Industrial Hygienists (ACGIH, 2001), it is perhaps surprising 
to discover that the time-weighted average threshold limit value of CO2 for 8 
hour exposure and a 40 hour work week is 9000 mg/m3 (5000 ppm(v)), and 
the short-term exposure limit of 15 min exposure is 54 000 mg/m3 (30 000 
ppm(v)). CO2 concentrations > 20,000 ppm causes deepened breathing; 
40,000 increases respiration markedly, 100,000 causes visual disturbances 
and 250,000ppm may be fatal (Lipsett et al, 1994). 

Given the above information, one would expect the concentrations en-
countered in classrooms to be of minimal significance. Yet, CO2 concentra-
tions continue to be associated with poor air quality, increased headaches 
and slower work performance. (Erdmann and Apte, 2004; Federspiel et al., 
2004; Seppanen et al., 1999). Very little research exists on the health effects 
of low to moderate concentrations of CO2 exposures. The work by Satish et 
al. (2012) establishes that, at concentrations over 1000 ppm, symptoms of 
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failure of decision-making begin to show in six of the nine metrics evaluat-
ed, and that at 2500 ppm such failure is clear. 

The measures taken to control CO2 concentrations have a significant and 
direct relationship with energy performance. Therefore, studies to optimize 
ventilation and CO2 reduction in accordance with energy efficiency 
measures are important. One of the major HVAC control efforts promising 
such performance is that of CO2 demand controlled ventilation (Norback, et 
al., 2012). However, reported ventilation rates under no occupancy of 2.0-
2.2 ACH still appear to be quite high based upon our presented findings. 

Due to the inconsistencies in fresh air requirements given in various 
standards, metrics applied (air change rates and L/sec/person) and experi-
mental reporting by others, the authors of this paper have reviewed the basic 
equations and their application to several measured classrooms in various 
schools with different construction. It is considered here that a fundamental 
examination of the basic equations alongside their validation will lead to an 
improved understanding as to what is required and furthermore provide 
guidance to designers. We have encountered several publications where the 
basic equations to dilution ventilation or the mass balance equation for CO2 
concentrations within an enclosed space are provided (Emmerich and Persi-
ly, 2001; Etheridge and Sandberg, 1996; Kalema and Voit, 2014; Mudarri, 
1997). These are considered for the dynamically changing conditions as 
shown in Figure 1. 

 

 

Figure 1 The factors influencing CO2 Concentrations in Classrooms 
 
Figure 1 is summarized in the following equation in which the rate of 

adding CO2 less the rate of exhausting CO2 causes the concentration of CO2 



634 M. B. LUTHER AND P. HORAN 

in the volume to increase. This equation expresses the mass balance, the bal-
ance of CO2 entering and leaving the volume: 

V dC(t)/dt = G + QCamb – QC(t) (1)  

where 
V = space volume in m3 
C(t) = indoor CO2 in ppm(v) 
Camb = outdoor, or ambient, CO2 concentration in ppm(v) 
t = time in seconds 
G = indoor CO2 generation rate in mL/s for a given number of occupants 
Q = space ventilation rate in m3/s 
dC(t)/dt = the rate of increase in the CO2 concentration in ppm(v)/s 
 
The rate of increase of CO2 will be zero when G + QCamb = QC(t); that 

is, the CO2 generated by people balances the CO2 introduced and removed 
by ventilation. If this balance is achieved, as it will after sufficient time if 
nothing else changes, C(t) = G⁄Q + Camb. This specific C(t) is the steady 
state or final value of CO2 concentration and we label it Css: 

Css = G⁄Q + Camb  (2) 

Rewriting equation 1, 

V dC(t)/dt = Q(Css - C(t)) (3) 

One of the most variable and difficult to assess quantities in equation 2 is G, 
the generation rate of CO2 by all the people in the room. This rate can 
change dramatically according to activity levels and age of the occupants. If 
there are several people (N) in the room, each emitting CO2 at a rate of g per 
person, then G = Ng. We investigate and attempt to conclude with reasona-
ble CO2 generation rates for students in the development of our work. 

Quite often, insufficient time is available for C(t) to reach Css, and we 
need to know the transient behaviour of C(t), that is, how C(t) changes be-
fore settling. Furthermore, it may be that the space is not initially in equilib-
rium with the environment. The solution to the above Equation 1, satisfying 
initial and final values, is the exponential equation: 

C(t) = (Css - C0)(1- e-ɑt) + C0 (4) 

where C0 is the actual CO2 concentration at t = 0. The air change rate,  
ɑ = Q⁄V. Note that if Css, C0 and ɑ are known, the curve, C(t), is completely 
determined.  Substituting 𝑁𝑁 for 𝐺 and ɑ/𝑉 for 𝑄 in equation 2, we have 

𝐶𝑠𝑠  =  𝑁𝑁/ɑ𝑉 +  𝐶𝑎𝑎𝑎  (5) 
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Because of this relationship, the curve is completely determined by 
knowing Ng⁄ ɑV and Camb without the need to know the steady-state value,  
Css. This is useful because the number of people, N, the room volume, V, the 
air change rate, ɑ, and exhalation rate, g, are values which determine the 
curve at any instant of time. 

On the other hand, if we take a series of points on the curve for which 
these quantities remain constant, we can fit the curve to the data and estimate 
them. Fitting the equation gives estimates of Css and a. So, if N = 0, Css = 
Camb and we have an estimate of the ambient CO2 concentration. On the oth-
er hand, when people are present, N > 0, using the estimate of Camb, we can 
solve equation 5 for Ng/V. So, g can be estimated if we know V. 

 Note that Css, which is the value approached by the CO2 concentration 
after waiting a long time, may never be reached in practice. Figure 2 shows 
an example in which C0 = 1000 ppm, Css = 2000 ppm and ɑ = 2 air changes 
per hour.  

 

Figure 2. The geometry determined by the parameters of equation 4. 

It is evident that the ambient concentration of CO2, Camb, sets the baseline 
of the curve; if it is increased, the concentration rises everywhere by the 
same amount. And the quantity Ng/ɑV sets the difference between Camb and 
Css.  
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3. Application and Case Studies 

Several studies, reported as in Figure 3, were conducted in different schools 
with different building compositions during winter. Windows were kept 
closed and no classrooms in this study had room conditioning during the 
measurement period. In general, we can distinguish four cases to be ob-
served: 

 
Case A: the room is empty and the door is closed 
Case B: the room is empty and the door is open 
Case C: the room is occupied and the door is closed 
Case D: the room is occupied and the door is open 
 
The simplest cases (A and B) occur when the room is empty, as no CO2 

is being generated. In this case, N = 0 so that Css = Camb. So, we have good 
estimates for C0 and Css but need to fit the air change rate, ɑ, one value for 
when the door is closed and another value for when the door is open. 

When the room is occupied, CO2 is generated, N is no longer zero and 
Ng/V comes into play. As we have good estimates for the air change rate, ɑ, 
and Camb from cases A and B, fitting the equation to the data in cases C and 
D can use these previously estimated values to estimate Ng/V. 

 

Figure 3. Measured CO2 Concentration in a Single Classroom 
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In cases A and B, the room is empty. Although there are only a few data 
points in this interval, we use the example to illustrate our method. From 
10:45 to 11:15, the internal door is open (Case B) and the air change rate es-
timated from the data is ɑ = 1.7 h-1. After 11:15, the door is closed (Case A) 
and 𝑎 is estimated to be 0.6 h-1. We also estimate that Camb = 500 ppm gives 
a good fit. 

Case C occurs from 9:15 to 10:45. The fitted curve requires the air 
change rate to be 0.6 h-1 (consistent with Case B) and Css = 3975 ppm. 
Hence, if N, V and Camb are known, g can be calculated from equation 5. N is 
in the range 22–25. In the absence of measured data, Camb lies between 400 
and 500 ppm and V = 200 m3. The exhalation rate has been calculated for the 
four pairs of N and Camb values. So, g ranges from 278–325 ml/person/min. 
It is quite insensitive to the value of Camb as a change of 25% from 400 5o 
500 ppm results in a 2.8% change in g.  Case D does not occur in this exam-
ple. 

Table 1: Determining the CO2 respiration rate per person (School A). 

Case Interval 
Air changes 
per hour, a* 

N Camb ppm 
Css* 
ppm 

g 
mL/min/person 

A 10:45–11:15 1.7 0 500 500 n/a 

B 11:15–11:30 0.6 0 500 500 n/a 

C 9:15–10:45 0.6 22 500 3975 278 

22 400 3975 286 

22 500 3975 316 

22 400 3975 325 

D n/a 

* Parameters determined by fitting the equation to the data.  

Figure 4 shows another example. The curve with markers shows the 
measured data collected. The first curve is fitted with C0 = 1294 ppm, Css = 
2850 ppm and a = 0.417 h-1. The various other curves fitted to the data are 
extended in time to show how they would develop if conditions had not 
changed. For example, the first curve peaks at about 12:15, when the door is 
opened and the students leave the room empty. Had the students not left, the 
concentration of CO2 would have increased to 2850 ppm after some time. In 
this example, some data was collected after hours and the concentration falls 
to the ambient value of about 400–450 ppm.  
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Figure 4. The effect of room use on CO2 concentration. 

Table 2: CO2 respiration rates – School B (Primary School) 

Case Interval 
Air changes 
per hour, a* 

N Camb ppm 
Css* 
ppm 

g 
mL/min/person 

A 13:30–14:00 0.417 0 440 440 n/a 

B 
12:15–13:00 
17:00–08:30 

0.625 0 440 440 n/a 

C 13:00–13:30 
14:45–15:30 

0.417 24 440 2850 177 

14:15–14:45 0.417 10 440 1500 190 

D 
9:45–12:15 

14:00–14:15 0.625 24 440 2850 265 

* Parameters determined by fitting the equation to the data. 

4. HVAC System Design Considerations 

While this paper provides a clear understanding of CO2 concentrations in 
classrooms, it is considered that possible solutions to assure its control need 
to be investigated.  A study of schools in the Netherlands showed that even 
with CO2 sensors in place, despite a measurable reduction, effective control 
of CO2 was not achieved based on occupant intervention alone (Geelen et 
al., 2008). The new ASHRAE 62 (ASHRAE 2013) standard concurs, stating 
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that ventilation requires some mechanical component, because occupants 
cannot be relied upon to operate natural ventilation systems effectively (Lu-
ther and Atkinson, 2012). 

The most advanced of proposed concepts is considered to be a Dedicated 
Outside Air System (DOAS).  This system distributes 100% fresh air suita-
bly dehumidified to the whole school building.  These systems are based on 
a conventional chilled water system.  Separate conditioning of the supply air 
for sensible load is then regulated via a fan coil unit within each classroom 
(Morris, 2003).  A generic diagram is illustrated in Figure 5 to represent the 
DOAS system. Other additional components and revisions to it are further 
discussed in Luther and Atkinson (2012).  Such designs may already be in 
use elsewhere; yet, they are not typical in Australian schools. 

5. Conclusion 

The body of data from several schools was collected well before this analy-
sis was considered. Nevertheless, it has been possible to revisit and analyse 
the data subsequently. The method we describe yields sensible estimates of 
the air change rate, ɑ, and steady-state concentration, Css. Furthermore, by 
analysing the data when a room is empty, the method yields an estimate of 
the ambient concentration, Camb. This allows the estimation of the CO₂ exha-
lation rate, g.  

 

 
Figure 5.  A Dedicated Outdoor Air Supply System with Potential Revisions 

The analysis of our data indicates that exhalation rates fall in a range of 
177 – 325 mL/person/minute. We found smaller exhalation rates for primary 
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students, aged from 5 to 11 years, than for secondary students, aged from 12 
to 18 years.  

We considered the real use of a classroom. In other words, we tracked 
changes, such as open and closed doors and varying student numbers as clas-
ses change over and recess periods occur. We observed that CO2 concentra-
tions never reached the steady-state Css values estimated from the data. Most 
importantly we can determine, within reason, a required air change rate to 
limit CO2 concentration to a desired level, taking these variables into ac-
count. This means that design rules which are based on steady-state concen-
trations are very conservative and over-estimate the ventilation or condition-
ing required. There is much to be gained from exploiting room usage 
patterns. 

Our analysis can be used for the design of HVAC systems to ensure that 
they do control CO2 concentrations adequately and efficiently. 
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