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1 Executive summary

To study the performance of different solutions for retrofit of classroom ventilation, an
intervention study was carried out in an elementary school located in a temperate climate north
of Copenhagen, Denmark. Three classrooms were retrofitted with four different ventilation
solutions, which were:

- a decentralized, mechanical ventilation system

- a system allowing automatic window opening

- a system allowing automatic window opening assisted by an exhaust fan

- a system allowing automatic window opening supported by heat recovery units

In a separate classroom that was not retrofitted with a dedicated ventilation system, the
intervention was to let teachers and pupils use a device providing visual feedback on the CO;
concentration in the classroom, informing them when the windows should be opened. All
solutions were compared with a reference classroom in which pupils and teachers manually had to
open windows, as was the only means of ventilation in all the studied classrooms prior to any
intervention.

During three six-week intervention periods including both heating and non-heating seasons, the
performance of all five solutions for improving ventilation was evaluated based on measurement
of the conditions in the classrooms, the window opening behavior of pupils and teachers, pupil’s
perceptions of the classroom environment, their acute health symptoms, their performance of
school work, the energy use, and the costs incurred in acquiring, installing, and operating the
systems. Also, simulations were carried out to evaluate the indoor environment and energy use
with the ventilation solutions used at schools located in different climates. The sensitivity of the
simulated indoor environment and energy use was also studied with different window and door
opening behavior.

The decentralized mechanical ventilation system, the system with automatic window opening
assisted by an exhaust fan performed best overall. These systems improved the air quality in the
classroom to a higher degree than the other systems and the effect of running the systems on
pupils’ cognitive performance was more consistent. There was no clear effect on pupils’
perceptions and wellbeing of using these two systems to ventilate the classrooms. The
decentralized mechanical ventilation system and the system with automatic window opening
assisted by an exhaust fan used more energy than the other retrofit solution for which energy use
was recorded.

The solution with automatically operable windows and heat recovery units performed better than
the one with automatically operable windows or a visual CO; feedback device. However, the latter
two solutions used the least energy.



The experimental findings were used in a simple qualitative ranking of all the solutions tested in
the elementary school, based on classroom environmental parameters, pupils’ perceptions,
symptoms and performance, and the energy use.

With equal weighting of the different performance metrics, the decentralized system scored best,
the system with automatic window opening and an exhaust fan scored second best, and the
system with automatic window opening and heat recovery units came third. These systems were
able to sustain a lower CO; concentration during a major part of the occupied time and although
differences in pupil performance between retrofit systems were modest, these systems improved
most consistently the performance of tasks requiring logical thinking, concentration and attention.
The higher performance of these systems was to some degree penalized by their higher energy
use, which was not the case for the other retrofits. The system with automatic window opening
and the system with a visual display unit providing feedback on the CO> concentration scored
equal and worst.

In a second intervention study the performance of a sorbent type gas-phase air cleaner was
investigated in a classroom at the Technical University of Denmark. During two afternoon lectures,
the classroom was ventilated by the ventilation system and on two other afternoons the
ventilation system was in operation together with a gaseous air cleaner. Under both conditions,
students assessed the air quality and other conditions in the classroom, and completed a
performance test examining their concentration and ability to think logically.

Operation of the sorbent type gas-phase air cleaner resulted in improved performance of the
applied logical reasoning test. The students also reported that they put more effort into
performing the task and that they felt slightly cooler when the air cleaner was running. No
changes in the reported intensity of symptoms were seen between operation modes, except for
the perceived dryness of the air. The air quality and odor intensity assessed by the students did
not change with different modes of operating the air cleaner. The assessments of air quality were
consistent with the chemical measurements performed in the classroom, which were also
comparable between operation modes.

The need for retrofitting ventilation is urgent in many schools located in temperate climates and
particularly during the heating season, when pupils and teachers do not open windows to sustain
ventilation. All the retrofit solutions included in this study were able to improve the air quality in
the classrooms, although to a different degree. In particular, the solutions with automatically
controlled and fan supported ventilation performed the best in terms of the indoor environment
and the effect on pupil performance. These solutions were also the most costly. Low-cost solutions
as the visual display unit may be used as a temporary solution, which may yield some
improvement until a more permanent solution becomes available in the budget. The results from
the university classroom indicate that this sorbent type gas-phase air cleaner does not yet seem to
be ready for practical application.



Due to the multitude of dimensions used to quantify the performance of the studied retrofit
solutions, it has not been possible to identify one, distinct solution with the best overall
performance and thereby to recommend one outstanding retrofit solution. Instead, the study
results may be used to evaluate system performance in classrooms in which retrofitted ventilation
solutions may be installed and operated as they would be in any given school subject to a similar
retrofit. The measurements and observations therefore represent the variation in indoor
environment, pupil perceptions and responses, behavior, and energy use that can be expected in
schools with similar retrofits, when they are located in temperate climates.



2 Introduction

The main purpose of classroom ventilation is to create indoor environmental conditions that
reduce the risk of health problems among pupils, that minimize their discomfort, and that
eliminate any negative effects on learning. Many studies have found that the environmental
conditions in elementary schools are so inadequate that they are failing to achieve these goals.
The most common problem is inadequate ventilation. The reasons for this include insufficient
outdoor air supplied to classrooms; elevated and varying temperatures; inadequate exhaust
airflows; poor air distribution or balance; and poor maintenance of heating, ventilation and air-
conditioning systems (Daisey et al., 2003).

There are many reasons why classroom environmental conditions are poor. The most common
reasons are inadequate financial resources for the maintenance and upgrade of school buildings.
Also, retrofitting the existing building stock may take many years to complete. It is thus important
to examine different systems that can potentially be swiftly retrofitted to improve classroom
ventilation and thus indoor environmental quality. The experimental data on this issue are scarce.

The aim of this study was thus to compare the performance of different retrofit solutions to
improve classroom ventilation and the indoor environment in classrooms in schools located in
temperate climates.

3 Background

Children are quite vulnerable and more susceptible to environmental impacts than healthy adults
(Landrigan, 1998). They spend more than 30% of their waking hours in classrooms. They must
attend schools even when the air quality and thermal conditions in the classrooms are unsuitable,
because it is obligatory to take part in elementary education. As a result of unsuitable
environmental conditions in classrooms, children can experience acute health symptoms, better
known as Building Related symptoms or Sick Building Syndrome symptoms (Daisey et al., 2003;
Norback & Nordstrom, 2008; Mi et al., 2006; Salleh et al., 2011). Inadequate classroom ventilation
can reduce the speed at which language-based and mathematical tasks that are typical of
schoolwork are performed by pupils (Baké-Bird et al., 2012; Wargocki and Wyon, 2013), and can
reduce progress in learning as measured by the number of pupils who pass standard mathematics
and language tests (Haverinen-Shaughnessy et al., 2011). It can also increase absenteeism
(Shendell et al., 2004; Mendell et al., 2013), which is likely to have negative consequences for
learning. These effects can give rise to significant socio-economic costs (Chetty et al., 2010;
Marxen et al., 2011; Slotsholm, 2012).

Outdoor air supply rates in schools are considerably lower than in offices, in many cases even
lower than those observed in dwellings (Brelih, 2012; Dimitroulopoulou, 2012). As a result, carbon
dioxide (CO3) levels regularly exceed recommended levels, which are often required to remain



below 1,000 ppm during school hours (Santamouris et al., 2008; Wyon et al., 2010), while
classroom temperatures regularly drift above the recommended ranges in warm weather.

The air quality in classrooms can also be improved by using gas-phase air cleaners. Theoretically,
gas-phase air cleaners should provide the same effect that is obtained by ventilation, and they
have thus been considered to be a potential alternative to ventilation, not only in school buildings,
but also in other building types. They make it possible to reduce outdoor air supply rates and thus
reduce the energy used to transport and condition ventilation air. However, there are very little
data on the performance of different air cleaning technologies under field conditions in actual
buildings. This was confirmed in a recent review of air cleaning methods (Zhang et al. 2011). This
review concluded that sorbent-type air cleaners are a promising technology that can remove
gaseous air pollutants with no negative side-effects such as by-products that may be more adverse
than their precursors, although there is no information on their long-term performance. Air
cleaners do not require a centralized system and can be retrofitted fairly quickly in classrooms so
they could be a very attractive means of improving classroom air quality.

The few studies that examined one or more aspects of improving classroom ventilation and
addressed some of the issues mentioned above are summarized in the following.

Wyon and Wargocki (2008) examined the window opening behavior of children under different
classroom environmental conditions. They observed that if temperatures were allowed to rise by
2-3°C (3.6-5.4°F), windows and doors were opened much more often, while even large reductions
in outdoor air supply rate did not result in any increase in window-opening. Their results indicate
that pupils open the windows in response to elevated classroom temperature rather than because
the air quality is poor; Fabi et al. (2013) also found that temperature is an important factor that
determines whether windows are opened or closed.

Airing of classrooms by manual opening of windows depends to a high degree on outdoor
conditions, including the location of the school (urban and/or rural) and climatic conditions (wind
speed and direction, outdoor temperatures), as well as on the window opening behavior of pupils
and teachers. Wargocki and Silva (2012) investigated to what extent a feedback system informing
pupils when operable windows should be opened in classrooms can influence classroom
temperature and air quality. They showed that providing a visual indication that classroom
ventilation is inadequate (classroom CO; level was used for this purpose) caused pupils to open
the windows more frequently. This resulted in reduced classroom CO; levels that were similar to
what was obtained in a large number of Dutch schools when visual CO; indicators were installed
(Geelen et al., 2008). Wargocki and da Silva (2012) also showed that providing mechanical cooling
in the classrooms would restrict window opening, resulting in poor air quality, confirming that
classroom temperature rather than poor air quality is likely to be the main reason why windows
are opened by pupils in schools.

Mumovic et al. (2007; 2009) carried out measurements in three new secondary schools during the
heating season in the UK; the ventilation systems studied included automatically operable



windows, exhaust (extract) ventilation and balanced mechanical ventilation. They found that
regardless of the type of ventilation system, most classrooms met the requirements of the
Building Bulletin 101 (ODPM, 2005) regarding daily average CO; concentration, which in the UK
should not exceed 1,500 ppm.

Gao et al. (2013a,b) studied different methods of classroom ventilation during heating and non-
heating seasons. They observed that the classroom aired by manually operable windows had the
highest air temperatures and CO; concentrations during both non-heating and heating season. The
classroom with mechanical ventilation kept CO; concentrations low independently of the season,
as did automatic operation of the windows in the heating season. Windows were frequently
opened in the non-heating season, regardless of the ventilation system, but very seldom in the
heating season.

Kinshella et al. (2001) examined indoor climate conditions in elementary schools with window unit
ventilators, a constant air volume system and a variable air volume system. The results showed
that schools ventilated with constant air volume had the highest outdoor air supply rates and
those with unit ventilators had the lowest. The prevalence of symptoms experienced by the
faculty and staff was lowest in schools with variable air volume and the highest in the classrooms
with unit ventilators; complaints of nasal congestion, sore throat, headache, and dustiness were
among the more frequently reported symptoms.

Walinder et al. (1998) investigated the influence of ventilation rates and ventilation system type
on the nasal symptoms of school personnel in randomly selected primary schools in Sweden. They
found that nasal symptoms were worse in the mechanically ventilated classrooms (with balanced
supply and exhaust) than in the naturally ventilated classrooms, even though the former had
higher air exchange rates. The only exceptions were the mechanically ventilated classrooms with
displacement ventilation, in which nasal symptoms were less frequent. Poor maintenance of the
mechanical ventilation systems was presumed to be the reason for the observed results. This
presumption is supported by Seppéanen et al. (1999), who showed that the risk of Sick Building
Syndrome symptoms in commercial buildings with mechanical ventilation systems is greater than
in naturally ventilated buildings (presumably aired by manually operable windows) or in buildings
with extract ventilation only (Seppanen and Fisk, 2002).

Toftum et al. (2015) has recently performed pilot experiments in Denmark comparing the results
of a national scheme for testing progress in learning in schools between different ventilation
systems. They retrospectively identified the national test scores obtained in 400 schools in which
spot and 2 week measurements of CO; were available from other experiments attempting to
benchmark classroom air quality in Danish schools by measuring CO, and temperature (Mena and
Larsen, 2010, reported by Wyon et al., 2010). Analyses showed that pupils in schools with a
mechanical ventilation system scored on average significantly higher on the national tests
examining proficiency in language, math and natural sciences than pupils in schools aired only by
windows opened manually by pupils and the teachers.



Perna et al. (2011) studied several alternative ventilation strategies in a school in Italy to collect
data on the optimization of indoor environmental quality and energy consumption. The following
three ventilation strategies were compared with a basic ventilation strategy: (1) natural
ventilation, in which the windows were opened and closed by the users according to the indicated
indoor CO; concentration; (2) mechanical ventilation with constant airflow; (3) a wind driven
extractor installed in the classroom ceiling. The classrooms with natural ventilation and a CO;
feedback display and with the wind driven extractor had acceptable environmental quality
according to Standard EN 15251 (2007), but the energy consumption of both of these systems was
higher than that of mechanical ventilation.

In model studies, Steiger et al. (2012) found quite a large reduction in energy use in classrooms
with hybrid ventilation compared with the mechanical ventilation system. They simulated energy
use in schools with natural ventilation systems, mechanical ventilation systems and hybrid
ventilation systems and showed that the energy used in the first two types of school was similar,
while it was up to 52% lower in a school with hybrid ventilation.

Fang (2011) and Fang et al. (2008) studied the feasibility of using a desiccant wheel as a gas-phase
absorption air cleaner. In laboratory experiments, they measured whether the operation of a
desiccant wheel improved the air quality as described by chemical analysis and as perceived by
human subjects. The air quality in the climate chamber and the simulated office room was
modified by adding pollutants such as formaldehyde, ethanol, toluene and 1,2 dichlorobenzene,
and by adding sources of pollution typically found in buildings: two types of flooring material and
human subjects as a source of bioeffluents. The results showed that the efficiency of the desiccant
wheel in removing chemicals was 294%. The percentage dissatisfied with the air quality was
reduced from 70% to 20% when the wheel was in operation; the odor intensity was also reduced
significantly, from moderate to slight. The perceived air quality improved both when the model
room was polluted by flooring materials and by human bioeffluents. The observed result for
human bioeffluents is particularly relevant to classroom air quality since humans are the dominant
source of pollution in classrooms, but no additional studies have been performed in schools to
validate this conclusion. It should be noted that although a broad spectrum of gas-phase
pollutants is removed by a desiccant wheel, it does not remove the CO; that is conventionally used
as an indicator of air quality, so it must be evaluated in terms of perceived air quality, acute health
symptoms and the performance of schoolwork.

There are many reasons why classroom environmental conditions are poor. The most common
reasons are inadequate financial resources for the maintenance and upgrade of school buildings,
and an overemphasis on energy conservation that gives rise to conditions that are worse than
what is stipulated by the relevant standards and building codes. As a result, classroom ventilation
is still achieved in many schools only if teachers and pupils open the windows. These schools have
to be retrofitted with systems that ensure adequate air quality and temperature if they are to
ensure improved indoor environmental quality in classrooms at all times. The systems which are



retrofitted may use either natural or mechanical forces. Examples include automatically operable
windows, extract ventilation using exhaust fans or mechanical ventilation systems with balanced
supply and exhaust from a central or local air handling unit. In either case, the retrofit may be
quite expensive. The expense is due not only to the potentially high first costs but also to the
increased energy and maintenance costs that are incurred when systems that ensure high
classroom air quality are in operation.

Retrofitting the existing building stock may take many years to complete. It can also disturb
teaching, unless it is carried out during school vacations. It is thus important to examine different
systems that can potentially be swiftly retrofitted to improve classroom ventilation and thus
indoor environmental quality. The experimental data on this issue are scarce and there is a lack of
studies that have systematically compared the benefits of different systems for classroom
ventilation by comparing simultaneously their performance in the heating and non-heating season
in temperate climates in terms of how well they provide adequate environmental conditions,
eliminate discomfort and health risks, safeguard learning abilities and minimize energy use. Also
there is very little systematic data on the window opening behavior of pupils and its effect on
classroom ventilation.

ASHRAE research project RP1624 Effective Energy-efficient Classroom Ventilation for Temperate
Zones was undertaken to systematically study the performance of different systems for retrofit of
school ventilation during both heating and non-heating seasons in a temperate climate.



4 Specific objectives

The main objective of this study was to provide information on how different methods of
classroom ventilation influence the conditions in classrooms, the window opening behavior of
children and teachers, pupil’s perceptions of the environment in classrooms, their acute health
symptoms, their performance of school work and energy use. The solutions that were tested and
compared with a reference classroom in which pupils and teachers manually had to open windows
included:

1. CO2 based control of automatic window opening

2. CO; based control of automatic window opening and fan assisted exhaust
3. A decentralized mechanical ventilation system

4. Manual window opening in response to visual feedback on CO;

5. CO2 based control of automatic window opening and heat recovery units
6. Sorbent type gas-phase air cleaner and window opening



5 Methods

The research activities in this project were divided into four stages comprising

1) Intervention studies on the performance of retrofit solutions 1 to 5 in a Danish
elementary public school

2) Analysis of window and door opening behavior and measurements of the classroom
conditions during a non-intervention period in the same school with retrofit solutions 2 to
5 in operation

3) An intervention study on the performance of solution 6 in a classroom at the Technical
University of Denmark

4) Examination of the performance of all retrofit solutions in different climates, based on
simulations of the energy use and indoor environment

Stages 1, 3, and 4 are included in the main report while stage 2 is described in a paper submitted
to ASHRAEs archival journal Science and Technology for the Built Environment. A draft version of
the paper is included as Appendix A.

5.1 Intervention studies on the performance of retrofit solutions 1 to 5 in a Danish
elementary public school

Three intervention studies were performed in a Danish elementary public school covering both the
heating and non-heating seasons. Each study lasted six weeks, during which the effects of the
different retrofit solutions were investigated in classrooms used by the pupils of an elementary
school, grades 3 to 5. In three randomly selected weeks during the six-week intervention period,
the retrofits were activated and in three weeks they were idled. One classroom was used as a
reference, where no intervention was made. Each week the pupils assessed conditions in the
classrooms, reported whether they experienced symptoms or whether the conditions caused any
nuisance, and they performed different cognitive tests examining their abilities to learn. Thermal,
air quality, and acoustical conditions were monitored continuously together with the frequency
and duration of periods with open windows and doors.

5.1.1 Location - Ravnsholtskolen

The school where the intervention studies were performed was located in a rural area north of
Copenhagen, Denmark. It was built from 1979 to 1986 (Ravnsholtskolen 2015). There were 543
pupils in 25 classes with 2-3 classes at each grade level:

¢ Pre-school, 0 to 2nd grade, age 6-8
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¢ Primary school, 3rd to 6th grade, age 9-13
e Lower secondary school (junior high), 7th to 9th grade, age 14-16

No ventilation system was installed in the school classrooms prior to the intervention studies. The
pupils and teachers had to open windows and doors manually to air the classrooms. The
municipality together with the school management decided to retrofit the school with a
ventilation system to improve the classroom environment. However, before selecting the
ventilation solution to be applied in the school, i.e. the one that was the best fit for the school
considering its typology, layout of the classrooms, etc., they decided first to examine different
solutions in a section of the school to compare their performance. Consequently, three classrooms
were retrofitted with four different ventilation solutions: a decentralized, mechanical ventilation
system, a system allowing automatic window opening assisted by an exhaust fan, a system
allowing automatic window opening, and the same system with automatic window opening
supported by heat recovery units; the latter two systems were installed in the same classroom and
could be operated independently of each other.

Figure 5.1.1 shows an aerial image of the school; the building where the retrofits were installed is
encircled, while the arrows show the locations where the images of the school building in Figure
5.1.2 were taken.

View from surreundings ‘
(Figure 5.1.2 bottom)

Figure 5.1.1. Aerial image of the school and the case building (South Wing).
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The classrooms in which the retrofits were installed were located in a one-story building that had
been commissioned in 1980. Besides the three classrooms where the retrofits were installed, two
other classrooms were used. One served as the reference where no retrofit was installed and in
one classroom, the teachers and pupils used a device that provided visual feedback on the CO;
concentration in the classroom, informing them when the windows should be opened. The
classrooms were occupied by pupils in the 4t and 5t grades, approximately aged 11 to 12 years.

Figure 5.1.2. Exterior of the school building seen from the schoolyard (top) and from the
surrounding green area (bottom).

Figure 5.1.3 shows a plan drawing of the southern wing of the school where the intervention
studies were carried out; classroom identifiers are in red. During the first two intervention studies
classrooms S3 and S4 were used by the 5™ graders and classrooms S5, S7, and S8 by the 4th
graders. During the third intervention study performed in classrooms S5 and S8, these two
classrooms were used by the 5% graders. Classrooms S1, S2, and S6 did not participate in the
experiments.

12



Figure 5.1.3. Plan drawing of the south wing where the intervention studies took place. Numbers
in red indicate the classrooms that were included in the study. A decentralized mechanical
ventilation system was installed in classroom S3. A system with automatic window opening
assisted by an exhaust fan was installed in classroom S4. A system with automatic window opening
and heat recovery units was installed in classroom S5. No special systems were retrofitted in
classrooms S7 and S8. Pupils in classrooms S8 used a device that provided visual feedback on the
CO: concentration indicating when the windows should be opened.

5.1.2 Classrooms

The classrooms where the interventions took place were rectangular with a ceiling that in one end
raised diagonally to the overhead windows as illustrated in Figure 5.1.5. Each classroom had an
area of 56 m? and a volume of 160 m3. The classrooms had brick walls, acoustic ceilings and
linoleum floors; the interior was nearly identical between classrooms (Figure 5.1.4). All classrooms
were heated by water-filled radiators mounted below the fagade windows and water-filled
convectors installed below the overhead windows. Both radiators and convectors had manually
adjustable thermostats.
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Figure 5.1.4. Interior of a typical classroom in which the interventions were tested.

The classrooms had overhead windows, windows in the facade with a view to the outside, and two
doors, one to a common hallway and one to the outdoor yard. Both the facade and overhead
windows could be opened manually prior to installation of the retrofits. The location of the
windows on two opposite facades enabled to achieve cross-ventilation. The windows in the fagade
of the classrooms S3-S5, where the retrofits were installed were replaced with new ones prior to
the installation of the retrofits. In classrooms S7 and S8, the original, manually operable windows
were retained. Some windows in classrooms S3-S5 could still be opened manually, independently
of the installed ventilation solution. Figure 5.1.5 shows a sectional drawing of one classroom.

The total window area and the openable window area differed between the classrooms as a

consequence of the retrofits (Table 5.1.1). In classroom S4, the total window area was smaller
than in the other rooms because the exhaust fan was mounted in the overhead window.

Table 5.1.1. Overview of total window area and openable window area in each classroom.

Room Openable windows Area of openable windows Total window area
(m?) (m?)
S3 Win1, Win2, Win3, WinH 2.9 6.3
S4 Win2, Win3, WinH 2.9 5.4
S5 Win2, Win3, WinH 2.9 6.3
S7,S8 Win2, WinH 2.3 6.3
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Figure 5.1.5. Cross section, floor plan, elevations of classroom and location of openable windows
(windows which could not be opened are not named).

The classroom without the retrofit solutions had single-sided ventilation when either the facade or
overhead windows were open, or two-sided (cross ventilation) when windows in both sides were
open simultaneously (Figure 5.1.6). The overhead window could be opened by using a crank
handle. Figure 5.1.5 shows the window configuration.
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Figure 5.1.6. Ventilation principle in the reference classroom (57).

The nominal number of pupils in each class was between 23 and 26. The actual number of pupils
present in the classrooms during the study period was typically between 22 and 25 pupils.
Assuming a nominal number of 25 occupants (24 pupils plus 1 teacher), the minimum outdoor air
supply rate in each classroom as required by the Danish building code should have been about 520
m3/h (145 L/s) (Danish Building Code 2015).

5.1.3 Retrofit solutions
The four ventilation solutions retrofitted in the classrooms were as follows:

e A mechanical decentralized ventilation unit with balanced supply and exhaust airflow
controlled by the classroom CO, concentration. The unit was suspended from the ceiling in
classroom S3 (Figure 5.1.7)

e A system providing ventilation by automatic opening of windows supported by an exhaust fan
both controlled by the classroom CO; concentration. The system was installed in classroom S4
(Figure 5.1.8). Two facade windows Win 1, Win 3 and two overhead windows WinH could be
opened automatically; in addition, the exhaust fan was installed in part of an overhead
window (Figure 5.1.5)

e Two systems, one providing ventilation by automatic opening of windows and one with five
alternating counter-flow heat recovery units, both being controlled by the CO, concentration;
the systems could be operated independently of each other. These systems were installed in
classroom S5 (Figure 5.1.9). Two facade windows Win 1, Win 3 and two overhead windows
WinH could be opened automatically (Figure 5.1.5). The units were installed in slots in the
facade walls and under the overhead windows WinH (Figure 5.1.9 and Figure 5.1.10).

e Avisual CO; feedback display unit was provided to pupils and teachers in classroom S8 (Figure
5.1.11). The unit indicated when the CO; concentration was high and thereby when windows
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should be opened. No special installations were needed. The unit was hung on the classroom
wall next to the whiteboard (Figure 5.1.11).

The retrofitted systems were in operation in August 2014 after being installed during the summer
vacation 2014.

5.1.3.1 Decentralized mechanical ventilation unit, classroom S3

A decentralized mechanical ventilation unit installed in classroom S3 was equipped with a filter
(class EU7), a heat recovery unit, an electrical pre-heater, and a water-to-air heating coil. It could
deliver outside air at a maximum airflow rate of 725 m3/h (201 L/s). The noise level at the
maximum airflow rate was 35 dB(A) as specified by the manufacturer. The minimum airflow rate
was 200 m3/h (56 L/s).

The airflow rate was controlled by the classroom CO; concentration. The low airflow rate was
supplied when the classroom CO; concentration was below 600 ppm. The airflow rate was at
maximum at a concentration above 800 ppm. Between 600 ppm and 800 ppm, the airflow rate
increased linearly from the minimum to the maximum level (Figure 5.3.3). The supply air
temperature was adjusted by a thermostat to keep the room air temperature at 23°C.

S3

@ 1

Figure 5.1.7. Decentralized mechanical ventilation system — the ventilation retrofit installed in
classroom S3. In this classroom, facade windows Win1, Win2 and Win3, and the overhead window
WinH could still be opened manually as before the retrofit.

5.1.3.2 Automatic window opening, classrooms S4 and S5

Actuators were installed on the facade windows Win1, Win3, and the overhead windows WinH
(Figure 5.1.5). The actuators were installed in classrooms S4 and S5. The CO, concentration, air
temperature, outdoor weather conditions and time of day were used as input to the window
opening control system. A timer control was used to open the windows at the start of each clock
hour of the school day if the CO; concentration was above 800 ppm.
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The windows were controlled in so-called “pulse” and “trickle” modes. In the pulse mode when
the CO; concentration increased rapidly to a level above 800 ppm, the windows were opened to
the maximum opening degree for 3 minutes; the opening was 50% of the maximum achievable
opening of the windows during the heating season (mid-October to mid-April) and 80% during the
non-heating season (mid-April to mid-September). The “pulse” control mode was usually used
during the heating season. In the “trickle” control mode, the windows were gradually opened to
the season-dependent maximum opening degree, when the CO, concentration increased from 750
ppm to 1000 ppm. The control algorithm was overruled and windows were not opened when the
indoor air temperature was below 19°C. During precipitation, strong winds and other unfavorable
weather conditions the window opening degree was reduced as well. The occupants had the
possibility to manually override the system by pushing a wall-mounted button, which opened the
windows fully. When this happened, the system reverted to the original control setting 15 minutes
after the button had been pushed.

5.1.3.3 Exhaust fan, classroom S4

The system for automatic opening of windows in classroom S4 was supplemented by an exhaust
fan. The fan was mounted in the overhead window opening to achieve cross-ventilation in the
classroom (Figure 5.1.8). The fan’s nominal airflow rate was 749 m3/h (208 L/s) at a noise level of
40 dB(A) 10 meters from the fan as specified by the manufacturer. The fan was started when the
classroom CO; concentration reached 700 ppm and the maximum speed was reached when the
concentration reached 1000 ppm. No heat was recovered from the exhaust flow. The fan could
still be in operation even though the automatic windows were closed. This could happen during
periods with low outdoor temperatures or unfavorable weather conditions. In such a case the
make-up air was drawn from the hallway, through the window and door in the facade (if opened)
or through any opening or crack in the wall or ceiling.

1

Figure 5.1.8. The system with automatic window opening and an exhaust fan — the ventilation
retrofit installed in classroom S4. Window Win2 could still be opened manually by pupils and
teachers.
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5.1.3.4 Heat recovery units, classroom S5

A system consisting of six heat recovery units was installed in classroom S5 to supplement the
system for automatic opening of windows. Each unit consisted of a heat absorbing material and a
row of 5 to 7 small fans (Figure 5.1.9). Altogether six heat recovery units were installed in slots in
the outside wall and under the overhead windows. The units worked in pairs with opposite flow
directions that reversed every minute. When the units exhausted the air, heat was absorbed in the
absorbing material and when the air was supplied to the classroom the heat absorbed in the
material was used to pre-heat the supply air. The thermal efficiency of the heat recovery was
about 85%. The units contained no filter and therefore any pollution trapped in the unit could be
reintroduced to the classroom again.

The five units installed in the classroom could nominally deliver outdoor air at a maximum rate of
468 m3/h (130 L/s); the SFP was 300 J/m?3 because of the low pressure loss. At this airflow rate, the
nominal noise level of one unit was approximately 35 dB(A) as specified by the manufacturer.

The units were operated at minimum speed (39 L/s) when the CO, concentration in the classroom
was below 650 ppm and their speed was progressively increased so that the maximum airflow rate
could be reached when classroom CO; concentration was 750 ppm.

S5

ne

Figure 5.1.9. The system with automatic window opening and heat recovery units — the ventilation
retrofit installed in classroom S5. Window Win2 and the overhead window WinH could still be
opened manually by pupils and teachers. Right: The unit installed in one of the overhead windows.
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Figure 5.1.10. The system with automatic window opening and heat recovery units. Left: The units
installed in the fagade; Right: Red color indicates the position of all six units.

5.1.3.5 Avisual CO; feedback display unit, classroom S8

In classroom S8, a display unit providing visual feedback on the CO, concentration was mounted
on the wall (Figure 5.1.11). It had a scale from 250 ppm to 5000 ppm with LEDs from 400 ppm to
2000 ppm in steps of 200 ppm. The pupils and teachers were instructed to open the windows
when the lights were yellow, i.e. when the CO; concentration was between 1000 ppm and 1600
ppm, as indicated on the scale of the feedback display. When the lights turned red, i.e. when the
CO; concentration exceeded 1600 ppm, they were instructed to open all windows and doors for
five minutes to achieve cross-ventilation. During this time, they were asked to leave the
classroom. The ventilation in this classroom could be achieved by opening windows in the fagade
and the overhead window as well as the doors, similarly as in classroom S7, where no retrofit
solutions were installed.

S8

i

Figure 5.1.11. A visual CO; feedback display unit installed in classroom S8 to guide pupils and the
teacher as to when the windows should be opened.
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5.1.4 Experimental plan

During three six-week intervention periods, the classrooms were aired alternately by manual
opening of windows, as prior to retrofitting the rooms, or with the use of the retrofitted systems.
During the time with manual window opening, the retrofits were idled (disabled). Two
intervention periods were in the heating season and one was in the non-heating season. The
experiments were carried out during six weeks, thus creating three repetitions of a two-week
block that compared the condition with retrofits idled and activated; in the reference classroom
no interventions were made. The retrofit solutions in classroom S5 were tested during two
periods: In one period only automatic window opening was activated and in the other period both
the automatic window opening and the heat recovery units were activated. During the weeks
when the retrofits were idled or activated, the manually operable windows and doors could be
open at will. Table 5.1.2 provides an overview of the intervention periods and the system control
modes during the heating and non-heating seasons.

During each week-long period, the children assessed their wellbeing and their acute health
symptoms and performed language and arithmetical tasks typical of school work that measured
their ability to read and understand the material, as well as tasks examining whether they could
think logically and concentrate. During the intervention periods, the quality of the environment in
the classrooms was monitored continuously by data loggers measuring the thermal, acoustical,
and air quality conditions. The frequency and duration of window- and door opening was also
logged, as well as the heating energy used in the classrooms, and the electrical energy needed to
operate and activate the systems. A local weather station at the school monitored wind speed and
direction, air temperature, precipitation, and relative humidity.

Prior to the beginning of each intervention period, meetings were set up with the teachers in the
selected classes where they were explained the purpose of the experiments and their role in the
distribution and management of tests and questionnaires. Also, comprehensive information
material describing the tests and questionnaires was presented to the teachers. This material was
in Danish and therefore not included in the present report. Parents to the pupils were informed
about the activities, but were not given complete description of the study so as to keep the pupils
blind to the planned interventions.
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Table 5.1.2. Experimental plan showing the three intervention periods in the heating and non-
heating seasons and the schedule of alternating system control. Classroom S7 is not included in
the table as no intervention was made in this classroom.

Intervention period S3 S4 S5 S5 S8
Decentralized | Automatic | Automatic Automatic Visual
mechanical window window window display
ventilation opening, opening opening, heat unit
exhaust fan recovery units
Week 1, 27.10-31.10 Activated Idled Idled Activated
. Week 2,03.11-07.11 Idled Activated Activated Idled*
:'eeaast;zg Week 3, 10.11-14.11 Idled Activated Activated Idled
2014 Week 4, 17.11-21.11 Activated Idled Idled Activated
Week 5, 24.11-28.11 Activated Idled Idled Idled
Week 6, 01.12-05.12 Idled Activated Activated . Activated
- - - Not examined -
Week 1, 20.04-24.04 Activated Activated Activated Activated
Non- Week 2, 27.04-30.04 Idled Idled Idled Idled
heating | Week 3, 04.05-08.05 Activated Activated Activated Activated
season Week 4, 01.06-04.06 Idled Idled Idled Idled
2015 Week 5, 08.06-12.06 Activated Activated Activated Activated
Week 6, 15.06-19.06 Idled Idled Idled Idled
Heating | Week 1, 29.02-04.03 Idled
season Week 2, 07.03-11.03 Activated
2016 Week 3, 04.04-08.04 Not examined Activated
Week 4, 11.04-15.04 Idled
Week 5, 18.04-21.04 Idled
Week 6, 25.04-29.04 Activated

*|dled means that the visual display unit was not present in the classroom.

The Danish heating season starts in September and ends by the end of April. Because of national
holidays during the spring term and the summer vacation, the first two weeks of the non-heating
season intervention period overlapped with the transition from the heating to the non-heating
season. To circumvent national holidays, the intervention periods included non-consecutive weeks
in 2015 and 2016 and some weeks ended on Thursdays and therefore included only four school
days. However, this did not affect the study design as most tests involving pupils were scheduled
to take place no later than on Thursday.

The overall timeline of the project activities in the elementary school is shown below:

Jan 2014: Pre-measurements
June-Aug 2014: Installation of retrofits

27 October to 5 December 2014: Intervention study solutions 1, 2, 3, 4 in a heating season

scenario

20 April to 19 June 2015: Intervention study solutions 1, 2, 3, 4 in a non-heating season scenario
29 February to 29 April: Intervention study solution 5 in a heating season scenario
29 September to 24 November 2016: Intervention study solution 6 in a heating season scenario
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5.1.5 Measurements

5.1.5.1 The quality of the classroom environment

Measurements of indoor climate parameters were made in different classrooms in the school
prior to installation of the ventilation retrofits and after they were installed. Measurements prior
to installation of retrofits were made between the 14th January 2014 and the 30% January 2014.
Measurement stations were installed in all classrooms in the South Wing, two rooms in the East
Wing, and two rooms in the West Wing (Figure 5.1.1).

One measurement station consisting of a Vaisala CO; transmitter model GMW22 (CO; range: O-
5000 ppm * 100 ppm + 2% of reading) connected to an Onset HOBO data logger model U12-012
(signal range: + 2mV + 2.5% of reading) that also monitored temperature (range: -20-70°C, £0.35°C
in the range 0-50°C) and relative humidity (¥2.5% from 10%-90% RH) was installed in each
classroom. Measurements were recorded in five-minute intervals. The measurement station was
located away from the windows at a height of approximately 1.5 m above the floor next to the
whiteboard. Figure 5.1.12 shows a measurement station in room S3 with the decentralized
ventilation system.

Window and door opening events were recorded with Onset HOBO State U9 Data Loggers. The
loggers and the magnets were mounted on the frames of all operable doors and windows. The
state loggers recorded binary events (window/door open/closed) and a timestamp of the event.
Figure 5.1.13 shows a state logger mounted on a window frame.
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Figure 5.1.12. Measurement station with a CO; transmitter and a datalogger that also recorded
temperature and air humidity.

Figure 5.1.13. State logger mounted on a window frame.

24



5.1.5.2 Subjective evaluations

Every week, the pupils were asked to rate the indoor climate and their well-being on scales
constructed of smileys. The scales were printed on paper and the pupils marked the smiley that
expressed at best their answer to the question posed. The questions asked about mucosal
irritation in the eyes, nose and throat, skin irritation and common symptoms such as
concentration difficulties, tiredness, and well-being. The questions pertained also to the
conditions in the classroom, i.e. whether it was warm or cold, noisy, dark, stuffy or whether the air
was perceived as fresh. An example of the scale used by the pupils is shown in Figure 1.1.13. The
guestions referred to the perceptions and well-being during the week when the scale was
presented to the pupils.

Different versions of the questionnaire were used during the first intervention period in the
heating season 2014 and the second and third intervention periods in the non-heating season
2015 and the heating season 2016. Fewer questions were used in the latter periods and five
instead of seven smileys were included in a scale. Additionally, the selected questions were
simplified to make it easier for the pupils to complete the questionnaire. The change was made
following the experience gained during the first intervention period in 2014. An example of a scale
included in the first intervention period and the subsequent intervention periods is shown in
Figure 5.1.14. The full questionnaires with all questions are included in Appendix B and Appendix
C. The questionnaires were in Danish, but were translated for inclusion in this report. The schedule
of presentation of the questionnaires in the different intervention periods is shown in Appendix D.

How was the classroom this week?
Much too cold Q 1/ @ /”\ /\\ @ Much too warm
SAVAIASACIAT N}
D A D G

How was the classroom this week?

Not too warm ( {. .\ . .) ( ) Too warm

Figure 5.1.14. Example of a question from the questionnaire applied in the first intervention
period in 2014 (top) and in the second and third intervention periods (bottom).

During the first intervention period in 2014, the teachers were also asked to rate their perceptions
of the classroom conditions and the pupils’ behavior, but the response rate was too low to obtain
meaningful results. Consequently, the teacher questionnaire was not used in the intervention
periods in 2015 and 2016. The questionnaire presented to the teachers is included as Appendix E.
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To minimize the risk of errors, the questionnaire responses were read from the scales and digitized
independently by two students recruited for the purpose among the students enrolled at the
Technical University of Denmark.

5.1.5.3 Cognitive performance

A battery of tests was used to measure the cognitive performance of the pupils. Typical school
tasks were used as well as psychological tests. The former included tasks examining the pupils’
ability to perform mathematical calculations (subtraction and multiplication) and language based
tasks examining their ability to read and understand a text (reading and comprehension). The
latter included a logical test (grammatical reasoning) and a test of attention (d2 test). Each week
during the intervention periods, the pupils were presented to a selection of math or language-
based tasks, or logical tests, and each week consistently to the d2 test (Appendix D). After the first
intervention period it was decided not to continue the use of the Reading and comprehension test
due to difficulties with its application and scoring. All tests were completed with pen and paper.

The difficulty and presentation of the tests were adjusted to match the abilities and customs of a
class as well as to fit to the extent possible into the regular teaching routines. Each test comprised
5 to 10 pages and the pupils had no more than 10 minutes to complete it. If anyone completed the
test before the indicated time, all other pupils were stopped as well, marked where they finished
the test and the teacher noted the time that was used to complete the test. Appendix D indicates
the actual time used by the pupils when they performed the different tests. It was planned that
the tasks should be presented later in the week and later during the day so that the pupils were
exposed to the classroom conditions for as long time as possible. However, it was also important
that the tests matched the lesson taught, i.e. that the arithmetical tasks were presented during
math and reading and comprehension during language (Danish) class. Consequently, the
presentation of the tasks followed the class schedule, which was not changed for the purpose of
the experiments and the tests could therefore not always be presented late in the afternoon or
late during the week (Appendix D). The tests were presented by the teachers.

To minimize the risk of errors, the results of the tests were checked and digitized independently by
two students recruited for the purpose among the students enrolled at the Technical University of
Denmark.

Subtraction test

The subtraction test was prepared in consultation with the teachers teaching mathematics in the
classes where the experiments took place. In the subtraction test, columns of three and four digit
numbers without zeros were subtracted. The test result was the number of subtractions
attempted by each pupil during the available time, i.e. the speed at which the task was performed,
and the proportion of incorrect answers, i.e. the percentage of errors (relative to the number of
subtraction units completed). Figure 5.1.15 shows an example of the subtraction test.
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3746
- 2345

Figure 5.1.15. Example of the subtraction test.

Multiplication test

The multiplication test was also prepared in consultation with the teachers teaching mathematics.
In the multiplication tests, pupils multiplied two one-, two-, or three-digit numbers. The pupils
from the 4t grade classes multiplied numbers between 1 and 12 and the pupils from the 5% grade
between 1 and 99. The test result was the number of multiplications attempted by each pupil, i.e.
the speed at which the test was completed, and the proportion of incorrect answers, i.e the
percentage of errors relative to the number of units multiplied. An example of the multiplication
test is shown in Figure 5.1.16.

3- 59 4 - 17 6- 63 9. 23

Figure 5.1.16. Example of the multiplication test.

Modified math test

Experience gained during the first intervention period in the heating-season 2014 was used to
modify the math test so that the subtraction and multiplication tests were combined into one
math test. The adjustment was made to avoid each test becoming too monotonous. The
calculations were the same as in the original two tests, but the modified version consisted of
alternating subtraction and multiplication tasks, as shown in Figure 5.1.17. A time limit of eight
minutes was set for this test.

725 7 -2 561
- 106 - 100

Figure 5.1.17. Example of the math test.

Grammatical reasoning

This test was developed based on the 3 min Baddeley test (Baddeley 1963), which has been shown
to be sensitive to environmental stressors. In this test, the pupils categorized statements as being
either true or false. The statements expressed the order of two letters A and B; examples are given
in Figure 5.1.18, where the right answers are T (true) in case of both statements. The number of
statements attempted by each pupil in the available time and the proportion of incorrect answers
were used as the measure of performance. The former presented the speed at which the task was
performed and the latter the percentage of errors relative to the number of statements
attempted.
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B does not precede A AB T F

B does not follow A BA T F

Figure 5.1.18. Example of the grammatical reasoning test (Baddeley test).

Modified grammatical reasoning test (graphical-logical test)

Experience gained during the first intervention period in the heating-season 2014 was used to
modify the grammatical reasoning test. The original test was replaced by a graphical-logical test. In
the earlier version of the test, the pupils marked if a statement was true or false. In the revised
version, the sentence did not address the order of two letters but the composition of geometrical
figures (circle/square/triangle). Figure 5.1.19 shows an example of the graphical-logical test where
the sentence is: The square is larger than the circle. In case of this test a time limit of 5 min for
completion was set.

Firkanten er stgrre end cirklen ® s F

Figure 5.1.19. Example of the graphical-logical test, S stands for sand (true) and F for falsk (false)

Reading speed and comprehension

This test consisted of texts of an adequate level of difficulty. Inside the text, choice points
containing three words were inserted, which could all be used in connection with the preceding
sentence, but only one was correct in the context. Choice points were inserted at regular intervals
in the text. The pupils had to read the text in the available time and mark the correct words. The
measures of performance were the number of lines read in the available time expressing the
speed of completing the task and the proportion of choice points in which the answer was
incorrect, indicating the percentage of errors relative to the number of choice points attempted
(i.e. present in the lines completed). Figure 5.1.20 shows an excerpt from the text, in Danish,
where the choice point is indicated; the right answer in the present text is Iben.

- Det gar da ret godt pa den her méade, siger Iben.

Siden hun kom hjem fra sygehuset, har hendes klassel®rer sendt mail
til mor og far om, hvad klassen har l@st eller foretaget sig,

og [Iben, far, mor] har lavet det samme derhjemme.

Figure 5.1.20. Example of the read