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ABSTRACT

The indoor air quality in schools is very important for health and learning abilities of children. The
primary indoor CO; source in classrooms is the respiration of school building occupants. Also, CO, comes
from outside as a result of fossil fuels combustion. CO;, concentration depends on a ventilation rate, size
of the classroom, number of occupants and their activity and time they spend in school building. Un-
fortunately, ventilation rates in schools were not often measured, even in cases when inadequate
ventilation caused pupils’ health problems and their absence from school. The increase in indoor CO,
concentration above the outdoor concentration is considered as a good surrogate for the indoor con-
centrations of bio effluents. This paper presents the research of ventilation rates in five naturally
ventilated schools in urban and rural areas in Serbia during the heating season. CO, concentrations were
measured outdoor and in three classrooms for five working days, continually. Ventilation rates are
calculated based on measured concentrations of CO,. The results have shown that classrooms in Serbian
schools have inadequate ventilation during the heating period. Mean value of carbon dioxide concen-

tration has often been exceeding 1000 ppm.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous studies, related to indoor air quality in non-
residential and non-industrial buildings (offices, schools, etc.),
were performed in Europe, America and Asia in last decades. They
have mostly indicated presence of symptoms that are generally
referred to the SBS (sick building syndrome) symptoms character-
ized by World Health Organization as: eye, nose and throat irrita-
tion, a sensation of dry mucous membranes and skin, mental
fatigue, difficulty in concentration, headache, nausea and dizziness,
difficulty in breathing and tight chest, stuffy, blocked and runny
nose, etc. Till 1999, twenty studies (with close to 30,000 subjects),
investigated the correlation of ventilation rates with human re-
sponses, and 21 studies (with over 30,000 subjects), investigated
the carbon dioxide concentration connection with these responses.
They found out that ventilation rates below 10 I/s per person can
enhance the appearance of SBS, and increase in ventilation rate up
to 20 1/s per person can significantly decrease appearance of the
symptoms. On the other hand, carbon dioxide studies have
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supported these with findings that carbon dioxide concentrations
below 800 ppm can repress sick building syndrome [1].

Indoor air quality in teaching areas can significantly affect stu-
dents’ activities, especially in classes with small children age from 7
to 10 since their bodies are still developing. This age group is very
susceptible to respiratory infections typically reported as SBS
symptoms resulting in frequent absence from school [2,3]. In
addition, their learning performance depends primarily on the
mental concentration which is directly related to the fresh air level
in the classroom.

During their stay in school, children are exposed to many indoor
air pollutants generated from indoor sources and to air pollutants
that enter the building with outdoor air. Although CO; itself is not
an indoor air pollutant and health is affected by other contami-
nants, increased CO, concentration is an indicator of insufficient
ventilation. The outdoor concentration of carbon dioxide can vary
from 350 to 400 ppm [4] or higher in areas with high traffic or
industrial activity. The primary indoor source of CO, is respiration
of the students whereas the level of indoor CO; also depends on:
the number of occupants, how long the classroom has been occu-
pied, the entering amount of outdoor fresh air, the size of the
classroom and the outdoor CO, concentration.

Concentration of other indoor generated pollutants, especially
human bio effluents, can be roughly correlated with the difference
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between the indoor and outdoor CO, concentrations in the air [5].
The high level of CO, concentration points to insufficient ventila-
tion of indoor space. The level of indoor CO, has become widely
used as an indicator of indoor air quality and surrogate for the
ventilation rate measuring with relatively inexpensive real-time
digital air monitoring equipment for carbon-dioxide concentra-
tion measurement. Also, CO, is used as an indicator of ventilation
control optimization for different occupancy schedules [6]. Mean
value of indoor CO, concentration [7] is used for evaluating the
quality of ventilation. It has been concluded that the improvement
of mechanical ventilation rate can directly contributes to the quick
dilution of indoor air pollutants and non-uniformity of indoor
pollutant distributions increase with the mechanical ventilation
rate.

There is a widespread use of mechanical ventilation in the
world, especially in the public buildings. Initially, the most impor-
tant thing is to know the infiltration process, in order to reduce
energy consumption. Reduction of energy consumption, on the
other hand, may lead to significant deterioration of the indoor air
quality. In order to minimize the energy along with maintaining the
corresponding IAQ (indoor air quality) within a user-defined range,
usually is developing optimization model [8]. The ecological aspect
has become very important, so there is a need to take maximum
advantage of the possibilities of natural ventilation [9].

By the ASHRAE standard, the lowest minimum of ventilation
rate is 8 I/s per person and recommended ventilation rate is 10 I/s
[10]. Human producing carbon-dioxide rate varies mainly with the
duration and intensity of physical activity. For the sedentary ac-
tivity (in offices, schools, dwellings, laboratories) metabolic rate is
1.2 [11] and corresponds to carbon-dioxide production of 0.3 1/s per
person (Appendix C of Standard 62). Based on mass balance cal-
culations and the assumption that outdoor CO, concentration is
400 ppm, this corresponds to a steady-state indoor concentration
of approximately 900 ppm [12].

Indoor air quality research, conducted in 156 schools in Wash-
ington and Idaho during the period 2000—2001, has shown that a
significant number of schools have ventilation deficiencies. They
found out that 42% of regular and 66% of portable classrooms under
investigation had CO, levels above 1000 ppm regardless of whether
they had or didn't have mechanical ventilation system [13]. In 2006,
research of IAQ in 10 old and 10 new classrooms in University of
Tianjin in China has been performed beside dormitories, reading
rooms and conference rooms. Temperature, RH (relative humidity),
and CO, concentrations were continuously monitored for 12 h in
each room, and out of the buildings simultaneously. Using decay
method, AERs were derived from CO, concentration decay curves
obtained when rooms were unoccupied. They found average air
exchange rates in classrooms between 1.1 and 1.6 h™! [14]. In
Greece, they were investigated air flow and the associated indoor
carbon dioxide concentrations in 62 classrooms of 27 naturally
ventilated schools in Athens. They found that a flow rate was higher
in only 23% of measured classrooms, than the recommended value
of 8 1/p/s (which correspond to about 1000 ppm of CO, concen-
tration), during the teaching period. About 52% of the presented
classrooms had average indoor CO, concentration higher than
1000 ppm [15].

In Serbia, this kind of research has not been conducted before
and therefore it is of great importance.

2. Method

Ventilation rates can be calculated from indoor and outdoor
carbon dioxide measurements based on fact that ventilation is the
only significant process for carbon dioxide removal. In naturally
ventilated schools carbon-dioxide in a classroom comes with

outdoor air and depends on environment. From the other side, it
can be generated indoor by occupants’ exhalation and strength of
that source is based on the number of occupants and their activity.
Taking into account that classrooms are spaces with high occu-
pancy per square meter, indoor carbon dioxide concentration
exceed outdoor concentration considerably. With the assumption
that inside air is well mixed, the air exchange rates are calculated on
the basis of indoor and outdoor carbon-dioxide concentrations by
the decay method. The time derivative for indoor concentration of
air contaminant in general [16] is given by:

V%:Q-CO—Q-C(t) +S—k-C(t) (1)

Formula (1) is given in general for whichever indoor contami-
nant. The change in CO, concentration dc/
dt = inflows — outflows + sources — degradation; C,, ((t) are
outdoor and indoor contaminant concentrations, respectively; Q
are air flow into/out of the building; S is the indoor emission source
of the contaminant; k is the first-order degradation constant.

For the conservative contaminant such as CO,, there is no
degradation, i.e. k = 0. Besides that, if there is no indoor source of
COy, i.e. S = 0, Equation (1) will become much simpler:

dc
Vo= (G -C(n) (2)

This assumption is valid for the period that starts at the end of
the last lesson (when pupils leave the classroom) and ends when
the indoor and outdoor concentrations of CO; are almost equal. In
this case, integration of the Equation (2) will give following formula
for the determination of the indoor CO, concentration:

C(t) = Co + [C(0) — Col-e 77" 3)

where (C(0) is the indoor CO, concentration at time t = 0; Q/V is air
exchange rate (AER). After rearranging, Equation (3) will give the
following:

£ CO -~ Go) @

3. Measurements

Indoor air quality is in very high correlation with outdoor air
quality and depends on number of indoor (people, furniture, paints,
etc.) and outdoor (industry, traffic, combustion, etc.) pollutants’
sources emitting pollutants into the atmosphere with different
level of intensities. Assuming that the air quality is not the same in
rural and urban areas, five locations were chosen for this analysis to
cover variety of environments. Monitoring of indoor and outdoor
CO, concentrations was performed in five primary schools placed
at different locations in Serbia during the heating season. One
village school was chosen as a representative of rural area, three
schools from towns as representatives of small urban areas and one
school from the city as a representative of big urban area. The
measurements were conducted in three classrooms (three indoor
measuring points) and one outdoor measuring point of each school
continually for five working days from Monday to Friday (including
occupied and unoccupied periods of time). During occupancy, be-
tween 20 and 30 pupils, age from 7 to 10, were present in each
classroom. Carbon dioxide sensors were placed in the selected
classrooms at approximately about 1.1 m above the floor, away from
the windows and doors, and at least 1 m from occupants.
Measuring range of CO; sensors was between (0—10,000) ppm with
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accuracy of +2% of reading. The equipment was set to collect values
of CO, concentration every 10 min at each indoor measuring point.
One set of the equipment was placed outdoor to measure outdoor
CO; concentration at the same time interval as indoor.

Five primary schools, chosen for this analysis, were placed in
different environments. Three of five selected schools were placed
in the area of Zajecar town (two schools in the town and one in the
adjacent village), one school was placed in the Bor town and one in
the city of Belgrade. Position of selected places and schools under
investigation is shown at Fig. 1.

Schools SCH2 and SCH5 were situated in Zajecar in the center
and town suburb, respectively. Measurements were performed in
the end of December 2011 and beginning of April 2012. School
SCH1 was about ten kilometers from the town, in the rural area, in
the Grljan village. Measuring period was the beginning of
December 2011. Schools SCH1 and SCH5 were heated by individual
coal heating plants and school SCH2 was connected to the district
heating system. The Zajecar town was located in the eastern part of
Serbia, in the continental climate zone with hot, dry summers and
moderately cold winters. January and February were the coldest
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months and July was the warmest. The area of the town and its
surroundings was windy (mainly northeast wind direction) and
occasionally winds were coming from the direction of Carpathians
and Stara Planina. The town was developed mainly as agricultural
center with some food and metal processing industry. It was
populated by around 44,000 inhabitants, and the district heating
was poorly represented (with less than 20%). During the heating
season, most of households in the town and each household in the
village were heated by the individual heating stoves burning wood
and coal as a fuel.

School SCH3 was situated in Bor town. This town was placed in
the same climate zone as Zajecar town but it was mainly developed
as an industrial town with the same population size as Zajecar, but
the difference was in percentage of households connected to dis-
trict heating system. The main feature of the Bor town housing
stock was that it has mainly consisted of buildings, rather than
individual houses. The number of district heating users was high,
and consequently the number of individual heating plants was
small. The measurements were conducted in the end of January and
beginning of February of 2012.
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Fig. 1. Position of schools under investigation.
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School SCH4 was situated in the city of Belgrade, in the area with
buildings mostly connected to district heating system and mea-
surements were done in March 2012. The Belgrade city was situ-
ated in the northern part of the country at the mouth of two big
rivers Sava and Danube in the moderate continental climate with
four seasons. Autumn is longer than spring, with long sunny and
warm periods. Characteristic of Belgrade climate is southeast wind
which brings clear and dry weather. It mostly blows in autumn and
winter, usually lasting 2—3 days with average speed of 25—43 km/h.
Sometimes wind strokes can reach up to 130 km/h. The wind is
identified as the largest air cleaner of Belgrade.

4. Results

Fig. 2 presents a continuous plot of indoor CO, concentration (in
ppm) in the classroom II (SCH3) and outdoor CO, concentration
during the five day measuring campaign performed in the heating
season. From the moment when pupils enter the classroom in the
morning (at about 8 h), CO, concentration level increases and
reaches the peak at the end of the morning shift. Between two
shifts, when the classroom is mostly unoccupied, the level of CO,
concentration decreases and starts to grow again at a beginning of
the afternoon shift (at about 14 h). After the end of the second shift,
the concentration wanes and reaches the minimum during the
night as a consequence of tendency to equilibrate outdoor CO,
level.

Fig. 3 presents a continuous plot of indoor CO; concentration in
the class I in the village school SCH1. For all selected schools,
character of the graphs representing the CO, concentration is more
or less similar. There is obvious difference in numbers of peaks at
Figs. 2 and 3. One peak corresponds to the case when classes are
conducted only in one shift during the day, and two peaks to the
case with two shifts (morning and afternoon).

Among classes, there are differences only in the maximum and
minimum of measured values. Table 1 shows mean, maximum, and
minimum values of CO, concentration for each school and each
classroom during the period under consideration. Those values
originate from the recorded values (10 min sampling time) for
working days only which approximately corresponds to the period
of time pupils spend in school (from 8 to 12 h for school with one
shift; from 8 to 12 h and 14—18 h for schools with two shifts).

Obtained results show that the average values of CO, concen-
tration during classroom occupancy mainly exceed 1000 ppm and
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Fig. 2. CO, concentration (SCH3, class II, two shifts).
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Table 1
Concentration of CO, in ppm.
School SCH1 SCH2 SCH3 SCH4 SCH5
I classroom
Mean 1727 1242 1182 1150 1167
Min 714 561 472 491 449
Max 2928 2410 1732 2021 2376
II classroom
Mean 1628 887 1250 1039 1019
Min 630 536 532 549 420
Max 3045 1606 2190 1775 1604
III classroom
Mean 1142 2015 990 1327 1209
Min 535 670 427 601 659
Max 1902 3614 1502 2231 2253

in some classrooms even 1500 ppm, which indicates inadequate
ventilation.

Based on the European standard EN 15251 (Indoor environ-
mental input parameters for design and assessment of energy
performance of buildings addressing indoor air quality, thermal
environment, lighting and acoustics) adopted in Serbia, the quality
of the indoor air is put into categories on the basis of difference
between indoor and outdoor CO, concentrations. There are four
categories of indoor air quality shown in Table 2.

Fig. 4 shows measuring values of CO, concentration during one
day in three different classrooms in school No. 3 (SCH3). Table 4
indicates number of pupils which took part in school activities.
Beside the number of students in attendance, the level of CO,
concentration depends on a classroom position in the school
building. The outdoor CO; concentration was measured only at one
place (suitable for setting up the instrument) so the effect of
proximity and intensity of traffic could not be fully noticed. The
character of curves is the same in all three classrooms. In the
classroom No.l1 values were lower than expected. In the period
from 9:45 to 10:30 there was a reduction in CO, concentration from

Table 2
Recommended CO, concentrations above outdoor concentration.

Category Corresponding CO, (ppm)
[ 350

1l 500

1 800

v >800
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Fig. 4. CO, concentration in three classrooms in school SCH3.

1134 ppm to 987 ppm, probably due to temporary absence of
children or/and slightly opened classroom windows. Comparing
the results from the first and second shift, similar character of
graphs could be noticed. The difference in CO, concentration in-
tensity among two shifts originates from different students’ num-
ber of morning and afternoon shift in the same classroom.

Table 3 shows categories of the classrooms’ indoor air quality
determined from Table 2, difference between average indoor
(Table 1) and outdoor CO, concentrations. According to Serbian
standards, II category is recommended for school buildings and
Table 3 shows mostly Il and IV category of the air quality.

Values of outdoor CO; concentrations show the influence of the
dominant heating modes and traffic in the vicinity of schools. SCH3
was located in the center of the Bor town where district heating
covers about 60% of the buildings. Despite intense traffic and
developed industry, the outdoor CO, concentration in Bor was at
the same level as in the environment of school SCH5, which was
located in the suburb of Zajecar town with reduced transport but
with dominant individual heating mode using wood and coal as a
fuel. SCH4 was situated in the city of Belgrade, near to the river,
protected from traffic by buildings and trees. Values of the outdoor
CO, concentration were relatively low.

The aim of this paper is calculation of the average AER (air ex-
change rates) for each classroom in all chosen schools based on
attenuation of CO, concentration (decay method). This calculation
has been performed using equation (4) and measurement data for
the unoccupied period (3 h lasting time) in selected classrooms.
Fig. 5 shows attenuation of the indoor CO;, concentration from the
time when pupils left the classroom.

Table 3
Classrooms air quality categories.
School SCH1 SCH2 SCH3 SCH4 SCH5
Out. CO, (ppm) 522 460 424 408 420
I classroom
Mean 1727 1242 1182 1150 1167
Diff. 1205 782 758 742 747
Category v 111 111 11 I
Il classroom
Mean 1628 887 1250 1039 1019
Diff. 1106 427 826 631 599
Category v 11 1\ 11 11
IIl classroom
Mean 1142 2015 990 1327 1209
Diff. 620 1555 566 919 789
Category Jl v I v 1

Volume of the observed classrooms, average numbers of occu-
pants (only for the first shift) for the period taken into consider-
ation, calculated value of AER and ventilation rate are presented in
Table 4. Air exchange rate values are in the range of
0.475 = 1.451 h™! for all schools. School No. 4 (SCH4) placed in
Belgrade (windows partly replaced) has the lowest values of AER
(0.47 = 0.66 h~') and the highest values of AER (1.32 = 1.45 h™!) are
calculated for the village school (SCH1) without any envelope
renovation. Anyway, those values are very small in comparison
with recommended values for school classrooms from 4 + 10 h™!
[17].

Consequently, ventilation rates are also small from
0.826 + 4.146 I/s per person. Taking into account the number of
students in attendance, it can be noticed that ventilation rate values
can vary considerably in the same school with similar patterns of
window opening. For example: SCH2 in the classroom I (volume
182 m3, 29 pupils, VR 0.826) and in the classroom II (volume
205 m>, 18 pupils, VR 3.208). In order to establish IAQ in schools,
there is a need for more detailed studies of each school. It is
necessary to analyze in details the situation in every classroom,
taking into account the number of students and the type of their
activities together with condition of the building envelope.

5. Discussion

School buildings under consideration have poor energy perfor-
mance. They are all age of about 40 with necessity of complete
building envelope reconstruction (walls' insulation and windows'
replacement). In all schools, average value of CO, concentration
exceeds acceptable 1000 ppm, and a maximum value of 1500 ppm,
which indicates the need for classroom ventilation improvement.
Even if there are mechanical ventilation systems, students' and
teachers' habits to open and close windows have a great impact on
ventilation as it shown in Ref. [18]. During the heating season,
windows are opened less frequently than necessary, and some-
times they're not open at all in buildings with poor thermal enve-
lope. This is related to thermal comfort, which has a higher priority
than the air quality. Improving the energy performance of the
building envelope would allow, not only increase in energy effi-
ciency, but more frequent opening of windows to reduce CO,
concentration without compromising thermal comfort in
classrooms.

One of suitable solutions to reduce CO, concentration is trickle
ventilation and goes along with windows replacement. The
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Fig. 5. CO, concentration decay in unoccupied period.
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Table 4
Calculated values of AER and Ventilation rate in schools.
School SCH1 SCH2 SCH3 SCH4 SCH5
I classroom
Volume (m?) 216 182 210 288 204
Number of pupils 25 29 20 24 22
AER (1/h) 1.057 0474 1142 0475 092
Ventilation rate (I/s per person)  2.537 0.826  3.331 1583 237
Il classroom
Volume (m?) 216 205 210 272 204
Number of pupils 22 18 28 28 20
AER (1/h) 1.322 1.014 1.218 0.66 0.584
Ventilation rate (I/s per person)  3.605  3.208 2.538 1.781 1.655
III classroom
Volume (m?) 216 195 210 288 204
Number of pupils 21 31 16 21 19
AER (1/h) 1.451 0.795 0.886 0.64 0.721

Ventilation rate (I/s per person)  4.146  1.389  3.23 2438 215

simplest and cheapest solution is to change behavior introducing
an obligation for teachers at every break between classes (from 5 to
20 min) to open windows and increase air exchange in the class-
room. Also effective solution is the installation of the sensor with an
alarm to be activated at the CO, concentrations above 1500 ppm.
Due to the high value of the CO, concentration, in all schools taken
into consideration, the best is to install mechanical ventilation,
which would automatically inject fresh air in the classrooms when
CO, concentration exceeds 1000 ppm.

The highest values of outdoor CO;, concentration were measured
in the surroundings of a village school SCH1. This school was heated
by individual heating plant placed in the school building and using
coal as a fuel. Nearby houses mostly use coal for heating too, so the
initial concentration of CO, (before children enter the classroom) is
quite high (535—714) ppm. In this school, the highest CO, con-
centrations were measured (1902—3045) ppm. Among all these 5
schools, SCH1 is the only one located in a rural environment with a
great production of wheat and maize and consequently large
amount of biomass which is now burnt in the fields in order to
remove. So it would be very good for local community, and very
cost-effective, to replace coal boiler with one using biomass as a
fuel. This would significantly reduce the cost of school heating, and
also a CO, emission in this area. SCH2, SCH3 and SCH4 are con-
nected to district heating system and reduction of CO, emission is
possible by increasing energy efficiency, i.e. building envelope
improvement.

The school SCH2 has obvious influence of the number of stu-
dents in attendance (Table 4). The average CO, concentration in the
classroom III (in which 31 students were present) was 2015 ppm
and 3614 ppm maximum. In comparison to the classroom I (with
the similar ratio of m>/pupil), the difference in the opening window
frequency. This points to solution effectiveness introduced with
purge ventilation obligation. The SCH5 have individual heating
plant using coal as a fuel. Except building envelope improvement,
recommendation is to connect this school to district heating system
already available in the Zajecar town. The SCH3 and SCH4 have flat
roofs and good potential to install solar thermal collectors to sub-
stitute part of energy obtained from district heating system. From
one side, all recommended actions will lead to better energy effi-
ciency, and, from the other side to CO, reduction in the schools'
vicinity.

The issue of air pollution in cities is becoming lately very
important in developing world as a result of rapidly expanding
mobile population. Generally speaking, indoor air quality has
strong dependence of outdoor air quality especially in urban areas
with large amount of cars, busses and transportation vehicles. In
many developing countries energy consumption from the transport

sector has not been investigated in details and consequently the
harmful emissions intensities and GHGs produced from the exhaust
pipes of these vehicles [19]. Therefore, recent research in this area
shows necessity of Driving Cycle establishment in urban areas
(characteristics varies from one city to another) in order to un-
derstand and reduce vehicle emissions [20,21]. Also, good passen-
ger road transport scenarios, with better mobility and quality of life
in the region, based on modal shift from private car trips to a Bus
Rapid Transport system can help in achieving lower emissions.
Increasing fuel efficiencies and introducing new technologies for
vehicle emission controls (vehicles with increased engine effi-
ciency, reduced air resistance, with lightweight design etc.) is
important too, beside standardized driving technique, unob-
structed traffic conditions, cruising at an optimum speed for the
vehicle and the reduction of cold starts [19,22].

6. Conclusion

There is a constant tendency in the world building industry to
reduce energy consumption in buildings. All measures taken for
energy savings, no matter whether they were undertaken by new
or reconstructed buildings, were leading to a reduction of air ex-
change rates in buildings and consequently affecting the quality of
indoor air. Regarding to schools, air quality becomes much impor-
tant indicator because it affects children's health and their learning
ability. Among all methods for determining air exchange rates,
there is a way to calculate it based on measured values of indoor
and outdoor CO, concentrations.

This study was conducted during the heating season in five
primary naturally ventilated schools in Serbia situated in rural and
urban areas. Measurements of indoor CO; concentration are per-
formed in classrooms occupied by children age from 7 to 10.

According to standard EN 15251, preferred values of the venti-
lation rates for schools are (4 + 10) I/h/person, while values ob-
tained by the measurements are (0.8 + 4.1) l/h/person indicating
very poor ventilation. This was confirmed by the measured indoor
CO;, concentrations, which values exceed 1000 ppm over 50% of the
time during children are in the classroom. Toward the end of the
shift, CO, concentration reaches a maximum value, of about
3600 ppm. According to standard EN 15251, the indoor air quality is
low and mostly belongs to the IIl and IV category.

This research has shown that areas with a higher number of
households connected to district heating system (Bor and Bel-
grade), have lower values of the outdoor CO, concentration, influ-
encing the indoor air quality in schools.

The main reason of high indoor CO, concentration and low in-
door air quality is in insufficient ventilation of the classrooms.
Temporary solution could be an adoption of recommendations
about opening windows in classrooms during breaks with
extended periods of time and frequency of opening in order to
lower the initial CO, concentration at the beginning of each class.

Those results also indicate the need of serious approach to
carbon dioxide concentration in schools and studies designed to
investigate correlation between CO, concentration and age of the
pupils, their activities and behavior during their stay in school, and
also necessity of developing the management strategy for the
ventilation control.
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