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Abstract

India’s capital, New Delhi, struggles with high outdoor air pollution and extreme
temperatures during summer and winter. Together they are liable to adversely af-
fect health and learning of children in classrooms without mechanical ventilation
and cooling. While the awareness of IEQ within Indian classrooms is growing, this
situation is most likely to be addressed in the upcoming years. As India has over
600.000 schools it would be of considerable importance to perform this improvement
sustainably. The main objective of the project was to develop generic sustainable
improvement packages for a typical, naturally ventilated school in Delhi to improve
the Indoor Climate (IC). To come to these package, a field study was deemed nec-
essary to understand the current conditions and problems. In order to assess the
packages on IC, energy use, and financial feasibility, a TRNSYS model was created
based on the field study. The collected data served as an input reference for physical
properties, IC quality, and occupancy behaviour within the model.

Regarding the field study, the current conditions in 15 classrooms throughout 5
schools located in the National Capital Territory of Delhi were analysed. Major
parts of these schools were completely reliant on natural ventilation. Therefore, in-
door to outdoor PM2.5 ratio remained close to 1.
Concerning the TRNSYS model, the monitored data was translated into a standard
naturally ventilated classroom model. In the model, during summer, the indoor tem-
perature rose up to 40 °C. During winter, the indoor CO2 concentration exceeded
1150 ppm. The base model functioned as a test platform for proposed unilateral
interventions to improve the IC. These solutions targeted indoor CO2 concentrations
≤ 1150 ppm, PM2.5 concentrations ≤ 25µg/m3, and temperatures within 80% ac-
ceptability range of the Indian adaptive thermal comfort model.

Eventually, the unilateral interventions were assembled into 4 packages, varying in
level of technology, control, and sustainability. Each package is easily scaled up.
Package 1 features 9 window purifying ventilators. Package 2 and 3 both feature 11
window purifying ventilators and an electrostatic precipitator device. while package
3 additionally is equipped with 6 PV panels. Finally, package 4 utilizes a 3 stage
filtered air handling unit and 6 PV panels.
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Subsequently, the packages were compared. The financially most feasible solution,
package 1, has the least affect on the IC. Additionally, package 4 scores the best
on healthy IC in respect to the PM2.5. Though on the longer term it is financially
most infeasible and least sustainable as the energy use is much higher than the other
packages. Package 2 scores points on all criteria and therefore overall scores best,
where package 3 and 4 actually lose point due to an increase in under heating hours.
However, on the longer term package 3 is more sustainable and financially rather fea-
sible, apart from the under heating hours, package 3 best suites the research objective.

Regarding the package conclusion, the current model simplifies the IC and tries to
indicate the worst case scenario for the previously naturally ventilated classrooms.
As the current research only intended to compare the improvement package perfor-
mances in order of magnitude, a more detailed study was unnecessary. Though, the
assumptions within current approach could be verified and validated by e.g. collect-
ing more extensive long-term measurement during various seasons.
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Chapter 1

Research introduction

Classroom indoor environmental quality (IEQ) has a close relation with absenteeism,
health, and learning performances. For instance compromised air quality or thermal
discomfort negatively affects learning performances [1, 2, 3, 4, 5, 6, 7]. It is essential to
simultaneously provide good indoor air quality (IAQ) and thermal comfort in order
to perceive a healthy learning environment [7]. However, many IEQ regulations
provide insufficient guidance for concentrations of traffic related pollutants like fine
particles [7, 8]. While IAQ may typically be improved by increasing ventilation
and introducing more fresh air, this strategy is ineffective in heavily polluted urban
areas like New Delhi, India’s capital city. Additionally, Delhi has an extreme climate
(Figure 1.1). These conditions can adversely affect health and learning of children
in classrooms without mechanical filtered ventilation and cooling.

(a) (b)

Figure 1.1: Delhi climate (a) Temperature (b) Relative humidity [9]

Since children’s lungs are still developing, they are more vulnerable to air pollution
than adults. Continuous exposure to polluted air can disrupt lung development [10],
leading to reduced lung function and even chronic respiratory diseases [11]. Cur-
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rently, the Indian government shuts down schools on hazardous days, whenever the
Air Quality Index (AQI) rises above 500 µg/m3. This is no long-term solution for
the over 600 000 Indian schools[12]. Even a small step to improve indoor air quality
IAQ in these schools can have a major impact on the lives of millions of children.

Particulate matter PM2.5, with aerodynamic diameter1 less than 2.5 µm, is part
of the Respirable Suspended Particulate Matter (RSPM). The World Health Orga-
nization (WHO) identified a close quantitative relationship between PM2.5 exposure
and premature death and diseases [13]. Hence, PM2.5 was ranked fifth as mortality
risk factor in 2015 on global scale [14]. In India RSPM is one of the main ambient
and indoor air pollutants. For example in Delhi the average annual PM2.5 level is 10
times greater then the WHO limit of 10 µg/m3 [15], as may be seen from Figure 1.2.















  
                        






















μ















Figure 1.2: Ambient PM2.5 concentrations based on four monitors from the Delhi
Pollution Control Committee, graph is derived from The New York Times[16]

In addition to the IEQ challenges in (naturally ventilated) classrooms, India has
a growing energy problem due to the rapid population growth and emerging econ-
omy [17], while the demand is transcending its supply. In order for India to reach
their economic and social targets, the energy infrastructure is potentially India’s
main challenge [18]. India already uses more than 5% of the world’s energy and this
share is growing [18]. Despite the reality of climate change, the government priori-
tizes social and economic targets. The energy usage mostly continues to grow in an
unsustainable manner due to rapid population growth [17]. About 65% of India’s
electricity comes from coal or biomass powered energy plants [18], that consequently
pollute the outdoor air.

1The diameter of an idealised spherical particle that has similar behaviour as the actual, irregular,
air-borne particulate
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The prior discussions make it abundantly clear that it is important to sustainably im-
prove IC in existing, naturally ventilated classrooms in places like Delhi. In order to
avoid the over 600.000 schools becoming intensive users of grey energy over the com-
ing 20-30 years. Beyond environmental concerns, the extra energy and investment
costs would also be a giant burden for these schools. Though, sustainably improv-
ing the health in governmental schools is both socially and economically valuable in
the long term. It can stimulate teachers to improve education and provide better
social opportunities for economically disadvantaged families [19]. Subsequently, the
sustainable schools will set a socio-economic example for the energy reformation and
the market-oriented economy [20]. Considering this, the effectiveness of different so-
lution packages were weighted against their energy demand and required investment.

1.1 Problem description

Currently, the Indoor Climate (IC) quality in many (naturally ventilated) schools in
India is below standard and uncomfortable. While the awareness regarding IC within
Indian classrooms is growing, this situation is likely to be addressed in the upcoming
years. As India has over 600.000 schools it would be of considerable importance to
perform this improvement sustainably. The current situation is mainly caused by:

1. Highly polluted outdoor air.

2. Extreme climate.

3. Unreliable electricity net.

1.2 Research objective

The main objective of the project is to develop generic sustainable improvement
packages for a typical, naturally ventilated school in Delhi to improve the IC. Both
passive and active solutions need to be combined in the most energy efficient manner.
Solutions easily available in local market and of “plug and play” type are preferred.
However, entirely relying on passive solutions cannot suitably address the risks of
exposure to particulate matter.

1.3 Research scope

To design suitable packages, an inventory of the current condition is necessary. Due
to the limited research on IEQ in Indian schools, a field study was deemed neces-
sary. Since Delhi area suffers from the air quality challenges in India the most, this
research focused on evaluating school conditions in Delhi. We presume that solu-
tions developed for Delhi conditions could be extrapolated to other regions of India
by taking into account climatic differences for indoor thermal conditions while IAQ
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concerns would remain similar (or even less demanding) in other regions.
The packages are evaluated based on IC, energy efficiency, and feasibility (Figure 1.3),
according to the following Key Performance Indexes (KPI’s):

� IAQ; The PM2.5 and the carbon dioxide (CO2) concentrations were quantified.
The air quality was expressed in CO2 exceedence hours and indoor annual mean
PM2.5 exposure. Within the proposed solutions, the CO2 concentration might
not exceed 750 ppm above ambient level (ISHRAE standard Class C [21]),
PM2.5 below 25µg/m3 (daily average WHO limit [15]). This KPI is explicitly
part of the ABP graduation segment.

� Thermal comfort; The indoor operative temperature in relation to the outdoor
running mean temperature were quantified in the Adaptive Thermal Com-
fort (ATC) model for naturally ventilated buildings (Indian national building
code [22]). Occupied hours needed to be within 80% acceptability range de-
fined by the standard. To examine the thermal comfort, the air temperature,
air velocity, humidity, and mean radiation temperature were needed. This KPI
is mainly part of the SET graduation segment.

� Energy use; The annual mean energy use per classroom was expressed in kWh.
Ideally, the energy should be generated in a sustainable way, possibly even on-
site, making the schools self-sufficient in terms of energy. This KPI is explicitly
part of the SET graduation segment.

� Feasibility; This was indicated based on a qualitative score consisting of lo-
cal deployment, investment costs, energy costs, maintenance costs, as well as
scalability. The solutions needed to be as financially feasible as possible.

Figure 1.3: Schematic representation of KPI assessment
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1.4 Research method

To come to the improvement packages, a well-defined literature study and field work
is essential for developing a numerical model test environment, following the method-
ology as presented in Figure 1.4.

Figure 1.4: Schematic representation of the method

Phase 1: Research preparation

Literature study

Literature was found via search engines Scopus, ScienceDirect, Research Gate, and
Google Scholar. Additionally, available documents of the World Health Organi-
zation (WHO), American Society of Heating, Refrigeration, and Air Condition-
ing (ASHRAE), Indian Society of Heating, Refrigeration, and Air Conditioning
(ISHRAE), ISO, and the BBA database were used. Regarding IC, the keywords
were combinations of: ventilation, CO2, (adaptive) thermal comfort, fine particles,
and PM2.5 (in schools). Furthermore, several passive and active cooling and filtering
techniques were investigated, for example, direct evaporative cooling (DEC), air con-
ditioning (AC), electrostatic precipitators (ESP), and window purifying ventilators.

Climate analysis

The climate data is collected from EnergyPlus and is provided by ISHRAE. The
data was composed in 2005 in the weather station 421820 World Meteorological
Organization (WMO) station number in New Delhi [23]. New Delhi is located 28.58◦

North, 77.2◦ East, and at an elevation hight of 216 meter. Via Climate Consultant
6.0 [9] the annual temperature, ground temperature, relative humidity, wind, and rain
profile was analysed. The climate analysis enables us to indicate annually critical
situations and to put the IC in perspective.
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Measurement plan

The field study is prepared in five steps, namely:

1. Perform literature study

2. Perform prepatory field work (in the Netherlands)

3. Define measurement plan

4. Create survey, evaluation forms, and check list

5. Define measurement equipment

Literature like the IEQ standard of the ISHRAE [21] and the measurement protocol
for Particulate Matter (PM) in schools of TNO [24] were used to define parameters
and the necessary measurement steps. Subsequently, observation from a field study
in a Dutch school and other documentation from BBA, helped mould the measure-
ment plan, evaluation forms, and a survey. Finally, the measurement equipment was
selected based on the availability of equipment from BBA, Santrupti, and the TU/e.

Phase 2: Field study

The main objective of the field study was to collect and analyse objective and sub-
jective data on IC in schools in Delhi to enable the numerical modelling part. Since
there is scarce data available on the topic, a field study is performed to generate
relevant data. Within the field several actions were executed: measurements, survey,
interview, and expert dialogues as presented in Chapter 2.

Phase 3: Numerical model

The numerical model facilitated the designing and evaluation of improvement pack-
ages. However, this base model first needs to be developed and validated as described
in Chapter 3.

Phase 4: Design solutions

The base model was used to test several possible building interventions on their
individual IC performance as described in Chapter 4. The tested solutions were
selected based on the previously performed literature study and field work.

Phase 5: Improvement packages

In this last project phase all obtained knowledge (literature study, field work, and
modelling results) was translated into four improvement packages. The four combi-
nation of solutions were designed as such that it provides a range of low- to high-end
interventions, both in terms of IC performance, cost, and energy use. More informa-
tion on the package design and the package performances is given in Chapter 5

6



Chapter 2

Field study

This chapter provides a brief overview of the performed field work at 5 schools in
Delhi. Section 2.1 describes the field study. Section 2.2 summarizes the most im-
portant data, analyses data (full analysis in Appendix B), and defines a typical
naturally ventilated classroom. In the next chapter, this standard classroom is used
as a reference case to build the numerical base model.

2.1 Method

Between 10 September and 11 October 2017, end of monsoon season, five schools in
and around Delhi were visited. During those visits, measurements were performed
in 15 different classrooms and an inventory of the school was made. Due to time
constraints, only at three out of five schools teachers were surveyed regarding their
perception of the classrooms’ IEQ through a questionnaire. Furthermore, at three
schools an experiment was performed to determine the infiltration rate of the class-
rooms by measuring the CO2 increase in closed conditions. The schools differed in
location, orientation, and lay-out.

2.1.1 Data collection

The selected schools vary in location and environment, from green to industrial area,
in highly populated to open areas in Delhi territory. In total 5 schools were arranged,
of which the first two were government aided. The choice of schools that could be
included in the field study was constrained from bureaucratic aspects, cooperation
from school authorities, and based on contacts we had on the ground. Not with-
standing these constraints, features of the studied schools varied to an extent that
a broad picture of government and government aided schools in different parts of
Delhi could be obtained. Overall, within the classrooms there were many similarities
regarding façade, lay-out, occupant behaviour, etc.

7



Measurement parameters

The measurement parameters were defined based on the required modelling informa-
tion, to indicate the physical properties and IC performance of a standard naturally
ventilated classroom. Therefore, data on the geometry, construction, openings, ven-
tilation rates, and occupancy were important parameters. Additionally, at least two
days’ measurements were necessary to indicate the validity of the model by compar-
ing the simulation with the measurement profiles.

Objective data

i.) Measurements
The measured parameters were air temperature (T), relative humidity (RH),
indoor surface temperature, indoor air velocity, CO2 concentration, and PM2.5

concentration. Both short term (roughly 2.5 hours) and long-term (2 days)
measurements have been performed. The short term measurements were man-
ually logged in a logging template (Appendix A.1). Within the template, every
10 minutes the indoor air temperature (Tin), RH, CO2 concentration, PM2.5
concentration, occupancy, fan use, and door use was logged. Additionally, the
instantaneously outdoor temperature (Tout), RH, CO2 concentration, PM2.5
concentration were logged at the start and end. The ’long’ term measurements
were automatically logged by the Eltek sensors and the ClarityAir monitors.

The indoor air velocities were measured by a Hot Wire Anemometer. The T
(+/- 0.4-0.6 �) , RH (+/- 2-3%), and CO2 (+/- 50 ppm) and PM2.5 concen-
trations were measured with both a manual hand devices (Rave and AZ7755),
Eltek sensors, ClarityAir monitor, and particle counter Dylos DC1700 respec-
tively. These devices are depicted in Figure 2.1, see Appendix A.2 for more
details on the equipment.

(a) (b) (c) (d) (e)

Figure 2.1: (a) AZ 7755 hand device (b) Rave hand device (c) ClarityAir monitor
(d) Eltek sensor and Eltek Squirel (e) Dylos DC1700
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Preferably, the measurements were performed at shoulder height of a sitting
student conforming to ISO 7730:2005, as the head is an important human in-
dicator for both thermal comfort and IAQ (breathing area). Furthermore, it
was important to indicate possible fluctuations in the room. Jacobs indicated
that PM2.5 spreads rather homogeneous in Dutch naturally ventilated class-
rooms [25]. This was checked during the field work by measuring at various
positions within the room, both for PM2.5, CO2, T, and RH. Additionally, the
surface temperatures of the different walls, ceiling and floor were analysed.

ii.) Inventory
During the field work, school building characteristics were analysed and us-
age profile was inventoried. The inventory consisted of the construction year,
building layout, urban environment, construction, and mechanical equipment.
These were reported in a template as presented in Appendix A.1.

Subjective data
The survey covered questions regarding the thermal perception, thermal satisfac-
tion, air movement, humidity, air quality, noise, and lighting, as presented in Ap-
pendix A.1. Feedback was obtained from 15 respondents in 3 different schools (five
per school).

The questions were based on the ISHRAE Standard [21] and BBA questionnaires.
Mainly, the questions were about the IEQ satisfaction. For thermal comfort the
thermal sensation was included. Most questions were rated based on the common
seven point psych-physical scale from UC Berkeley Center for Built environment sur-
vey as shown in Figure 2.1. This scale is also broadly being used by e.g. ASHRAE
standard 55-2010. Open questions were included to provide space for explanation.
Important to emphasize is the necessity of an objective honest evaluation, as it was
uncertain whether the participants would stick to a socially desirable answer or felt
to be controlled by their superior. The interviewer anticipated on this behaviour of
the participants and strove to make them as comfortable as possible.

Table 2.1: Psych-physical scale from UC Berkeley Center for Built environment

Thermal sensation rating Comfort rating

– 3 Cold 1 Very dissatisfied
– 2 Cool 2 Dissatisfied
– 1 Slightly cool 3 Little dissatisfied

0 Neutral 4 Neutral
+ 1 Slightly warm 5 Little satisfied
+ 2 Warm 6 Satisfied
+ 3 Hot 7 Very satisfied
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Verification

Normally, the devices would be calibrated beforehand. Within a calibration, the
deviation of the devices is determined by e.g. comparing the measurements with
a known reference. In order to improve the accuracy, the devices can be adjusted
accordingly. However, in this this research the measurement devices could only be
verified beforehand via a relative comparison of the different measurements.

Firstly, four ClarityAir monitors of Santrupti were tested, which measured T, RH,
CO2, and PM2.5 concentrations. The test took 1.5 day in a kitchen (12 m2) on
the ground floor, which had no direct window connected to outdoors. The monitors
were measuring simultaneously with the Eltek sensors. In addition, manual mea-
surements were performed with the Rave and AZ7755. The results showed that the
monitors slightly registered higher temperatures, see Figure 2.2. It seemed that the
monitors were unable to loose the heat, as taking of the cover resulted in a temper-
ature drop of roughly 0.5-1 �. Subsequently, this led to 1− 4% lower measured RH.
This phenomenon was corrected for in further measurements in order to compare the
measurement with te Eltek sensors.

Figure 2.2: Temperature sensor verification test in a kitchen in India

The test showed that PM2.5 is measured quite similarly by all monitors, see Fig-
ure 2.3. Only monitor 1 clearly showed a different pattern and therefore was omit-
ted. Additionally, for the Dylos it appears harder to measure peak values above 300
µg/m3 and since the Rave only spots momentary values it is hard to register the
same peaks as the monitors.
Furthermore, the CO2 sensor in the monitor automatically calibrated itself. Each
time it senses a lower CO2 concentration than before for more than half an hour, the
sensor adjusts itself by ascribing 400 ppm to this lowest measured CO2 concentration.
This makes it impossible to compare the CO2 measurements.
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Figure 2.3: Fine particle PM2.5 sensor verification test in the kitchen at home in
India

Lastly, the Eltek sensors showed an increasing difference between themselves at higher
CO2 concentrations. Probably this is related to the deprecation of the 20 year old
sensors. Therefore, the Eltek devices were calibrated at the university after returning.
The CO2 sensors were simultaneously exposed to 0 ppm, 500 ppm, and 1000 ppm
containing gasses within an airtight dome. Figure 2.4 shows that at lower CO2

concentrations the sensors show less deviation. From these measurements a linear
trend-line was determined, which was used to correct the collected CO2 data.

Figure 2.4: Eltek CO2 sensor second verification test

The main conclusion was that the manual measurements were preferred, as com-
paring measurements by the same device give more precise indoor to outdoor (I/O)
ratios. However, the broad spectrum of measurements (long versus short) enables us
to spot the average occurring trend within each classroom with the different devices.
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2.1.2 Data analysis

For the data analysis the I/O ratios are assessed for T, RH, CO2, and PM2.5. Based
on the occupancy in combination with the CO2 I/O ratio, the natural ventilation
rates were estimated conforming to NEN-EN 13799, given Equation 2.1.

Cin = C0 ∗ e−qv/V ∗t + (Csup + qm/qv) ∗ (1− e−qv/V ∗t) (2.1)

With:

Cin : Indoor concentration in the room at time t [kg/m3]
C0 : Indoor concentration at t=0 [kg/m3]
Csup : Concentration level of the supply air [kg/m3]
qv : Ventilation rate [m3/s]
qm : Indoor source or sink [kg/s]
V : Volume of the room [m3]

Finally, this calculated natural ventilation rate is checked by calculating the maximal
purging capacity of the available window openings conforming to NEN 1087:2001,
Equation 2.2. For cross ventilation the net ventilation area (Anetto) is smallest open
area at a single side, while for single side ventilation this is the biggest open area at
a single side. This single side also includes a collection of adjacent walls in one room
with a mutual angle > 90°. When the window is not fully operable, Anetto needs to
be corrected via Equation 2.3, depending on the angle of opening (ψ) as presented

in Figure 2.5. The air velocity (v) in a
cross-ventilated room is assumed 0.4 m/s,
while in a single side ventilated room his is 0.1
m/s.

qv = Anetto ∗ v (2.2)

Aeff = Anet ∗ j(ψ) (2.3)

With:

qv : Maximum purging
capacity rate [m3/s]

Anet : Net ventilation area [m2]
v : Air velocity [m/s]
Aeff : Effective ventilation area[m2]
j : Correction factor for effective

purging capacity [-]
ψ : Angle of window opening [°]















ψ
     

Figure 2.5: Correction factor j
for effective purging capacity of a
window with angle of opening ψ
according to NEN 1087:2001
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In order to explore solutions in the modelling phase, a base model on the general
classroom performance is necessary. Based on the classroom inventory, a standard
classroom was determined. The classroom which best corresponds to this standard
room was selected as a reference case for the numerical base model. In addition,
the survey was analysed to identify how the IEQ was actually experienced by the
occupants, as the level of satisfaction guides the improvement packages.

2.2 Results

2.2.1 Data collection

Both school 1, 3, and 4 were rather new buildings, less than 10 years old. School 1
and 3 had a courtyard layout with 4 building layers as depicted in Figure 2.6a. Those
schools had the administrative rooms, employees spaces, and offices predominantly
at the north façade. School 2 existed of a 50, 20, and 1 year old building part of two
storeys high, given Figure 2.6b. Whereas, school 5 was 2-storeys high 30 years old
building, shaped in a honeycomb structure. Properties of each investigated room are
as presented in Table 2.2. Each classroom is labelled with a number (referring to the
school) and a letter (marking the a specific room).

(a) (b)

Figure 2.6: (a) Courtyard school building (b) 2-layer school building

The 13 short term measurements are summarized in Table 2.3. These measure-
ments were performed in morning either automatically by the ClarityAir monitors,
or manually by the Rave and the AZ7755.
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2.2.2 Data analysis

Thermal exposure

The thermal conditions in the classrooms differed with orientation, exposure to out-
door conditions, and occupancy. During the measurement Tin varied from 31 � to
35 �. This was roughly deviating 1 � from Tout. The classrooms tend to be
0.5 � cooler compared to the hallway, at least during the morning session. The
’long-term’ measurement at school 1 showed that after the hottest time of the day,
the classroom temperate exceeded the hallway temperature as seen in Figure 2.7.
However, in this measurement Tout is continuously lower than both the hallway and
classroom temperatures. Probably, the thermal mass is not properly loosing its
heat due to a lack of ventilation. Additionally, the high occupant density and the
daily solar load keep Tin above Tout. The mean radiant surface temperature varied
0.5 � from the Tin depending on the surface construction and orientation. For ex-
ample, the roof was mostly 0.5 � warmer than indoor separation walls and floors.
Therefore, Tin is relatively little affected by the radiant temperatures.

Figure 2.7: Measured temperature profile in classroom 1A

Indoor air quality

During occupancy hours, the mean indoor CO2 concentrations per classroom were
alternately 50 to 300 ppm above outdoor CO2 concentration, in case of open doors
and windows, running fans, and an occupancy of roughly 40 people. This difference
is partly caused by the variable occupancy. Moreover, this was due to the fluctu-
ating ACH rates which differed from 17 to 24 [1/h] over the different rooms. This
fluctuation is related to the opening sizes, solar shading, fans, and cross ventilation.
Note, in one room there was an active exhaust fans that resulted in a more stable
ACH rate. The high ACH rates correspond to the high infiltration rate of PM2.5.
The indoor/outdoor ratio for PM2.5 varied between 0.9 and 1.1, as can be seen in
Figure 2.8.
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Figure 2.8: Measured PM2.5 concentrations in school 1

These high ACH rates only apply for summer and monsoon when windows are open
and fans are running and are mainly caused by cross ventilation and strong turbu-
lent air movement induced by the fans [26]. These rates corresponded to an average
measured indoor air velocity of 0.4 m/s (fluctuated between 0.1 - 1.4 m/s). Further-
more, the wind is relatively weak in Delhi [9]. Thus, during winter, when the rooms
are closed and fans are off, there is insufficient driving force for natural ventilation.
This lack presumably causes unacceptable indoor CO2 concentrations. Although
the ambient air pollution is practically present the whole year round, data from the
Delhi Pollution Control Committee showed that during winter the most hazardous
air pollution appears. Therefore, the biggest IAQ problems is currently faced in
winter. However, the survey showed that the participants were not completely aware
of the IAQ problem. Additionally, they mentioned to utilize a sweeper (a person
who makes the windows and shelves dust-free) to improve the air quality. Though,
sweeping the dusty classrooms might eliminate large particles, it might also cause
resuspension of the previously deposited fine particles, meaning the more harmful
PM2.5 concentration would only increase.

In Figure 2.9 the variety of windows are displayed. The oldest classroom mostly have
no window panes. Additionally, some semi-transparent windows panes are retrofitted
in older steel window frames. As can be seen from Figure 2.9c, those panes are not
always fitting properly and those frames are not fully closing. Contrarily, the newest
school building is provided with completely new wooden window frames. Still the
windows are not equipped with weather stripes.
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(a) (b)

(c)

Figure 2.9: (a) Open window without glazing of an 29 year old school building (school
3), (b) New window of an 1 year old school building (school 2), (c) Closed window
with transparent plastic panes of an 3 year old school building (school 4)
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Survey

The survey results (n=15) on satisfaction and thermal sensation are presented in a
boxplot as given in Figure 2.10. Four outliers were omitted from the analyses, which
are represented as dots on the box plot (> 2 away form first quartile). Probably,
corresponding correspondents are used to air conditions spaces at home. The survey
found that 73% of the teachers was at least slightly warm (thermal sensation ≥
1), though still 80% were satisfied with the thermal conditions. Additionally, several
participants noted to be thermally dissatisfied during summer (temperatures towards
40 �) and during winter (temperatures towards 10 �). Therefore, during winter the
fans are off, children are requested to wear warmer cloths, and windows/shutters are
closed to keep warmth inside. Note, during a winter day the teachers might open
the doors and windows to enable solar radiation to heat the room. Even though the
study was during monsoon, 53% was satisfied with humidity conditions. However,
the spreading of the satisfaction towards humidity was bigger compared to the other
parameters. Additionally, 80% was satisfied with the IAQ. It seemed that the teacher
were having a hard time judging the IAQ conditions, while they were only able to
associate it with coarse dust and ‘fresh’ outdoor air. Also, 80% was satisfied with
the lighting conditions and only 60% was satisfied with the acoustical conditions, as
they suffer from sound disturbance (mostly traffic noise).

Figure 2.10: Boxplot of the survey responses n=15 collected at school 1, 2 and 5

Standard classroom

Based on the inventory and the data analysis classroom 2D (Figure 2.11) was selected
as base case, as it matches best the standard measured classroom. This is a 20 year
old classroom, located on the first floor, with a geometry of 5.5 x 7 x 3.2 = 123.2 m3.
It is accessed via an 1.5 m. wide open hallway at the North side, see Figure 2.11a.
It has 3 windows (3.4 m2) without glazing, steel shutters, 1 steel door (2.3 m2), 4
fans, 2 TL, and no power plug. The 0.4 m. thick burned brick walls are uninsulated
and finished with a yellowish plaster layer.
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(a) (b)

Figure 2.11: (a)Classroom 2D photographed from the front towards the entrance, (b)
Classroom 2D photographed from the entrance side

At time of measuring there were 39 children and 1 teacher in the room, and thus 40
people were included in the base model. In summer an average ACH rate of 19 [1/h]
is assumed. This approximation is based on CO2 measurements in the reference
classroom itself as shown in Figure 2.12a. During winter the natural ventilation is
depending on an infiltration rate which is estimated to be 3.5 [1/h]. This infiltration
rate is based on all three experiments regarding the infiltration rate, which was in-
between 3 to 4 [1/h] given the example in Figure 2.12b. Also the indoor air velocity
is approximated 0.4 m/s on average when the fans are turned on.

(a) (b)

Figure 2.12: (a) Manually measured CO2 concentration in classroom 2D with an
occupancy of 39 students and 3 adults, (b) Infiltration rate experiment in classroom
4A with plastic window panes and running fans
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2.3 Conclusion

While measuring during the morning session, Tin varied between 30-34 � and Tout
varied between 32-36 �. The surface temperature was roughly 0.5 � higher than Tin
and the mean indoor air velocity fluctuated between 0.3-0.8 m/s. The average differ-
ence in indoor and outdoor CO2 concentration varied from 150 - 200 ppm. Whereas,
the I/O ratios of PM2.5 varied between 0.9-1.1. The survey found that even though
the room were sensed slightly warm by 73% during monsoon, 80% was still thermally
satisfied (n=15). In general the occupants seem to be rather satisfied with the IEQ
during time of measuring. However, they noted that the summers are often too hot
and the winters can get chilly. Additionally, we found that currently there is not
much for the occupants to improve the indoor air quality during hazardous days.

The investigated classrooms thermal and IAQ performance were susceptible for the
orientation, façade exposure to the outdoor conditions, occupancy. The natural ven-
tilation rate varied between 17 and 24 [1/h], this was highly related to the opening
sizes and whether there was cross ventilation or an additional exhaust fan. Addi-
tionally, these ventilation rates only apply for summer and monsoon season when
windows are open and fans are running.

Based on the inventory and data analysis classroom 2D was selected as base case,
as it matches best the standard measured classroom. However, room 2D has rather
little window surface compared to the other classroom. This corresponds to a rela-
tively low ACH rate. The base model’s boundary conditions are listed below along
with a cross-sectional drawing of the classroom 2D (Figure 2.13).

� 7x5.5x3.2 m3

� concrete skeleton,
double brick walls

� 1 steel door (2.3 m3)

� 3 windows (3.38 m2 )

� 4 fans

� 2 lights

� 0 sockets

� 40 occupants

� 19 [1/h] natural
ventilation

� 3.5 [1/h] infiltration

Figure 2.13: Section of classroom 2D
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Chapter 3

Numerical model

This chapter describes the complete TRNSYS base model and the explored building
interventions. Section 3.1 specifies the method behind the model and corresponding
theory, e.g. the numerical base model, its validation, the sensitivity analysis, and the
simulated building interventions are explained. Section 3.2 shows the performance
of the model, including validity and the robustness of the model. Additionally,
the individual performance of selected building interventions are presented. Finally,
Section 3.3 concludes the performance of the model and its interventions.

3.1 Method

Mainly, the model was required to be able to indicate the different thermal and IAQ
performances in a classroom and to compare the proposed interventions in an early
design phase. There were too many uncertainties to build an air-flow network, and a
CFD analysis was unnecessarily complicated. Therefore, it was decided to simulate
a quasi-dynamic model with a relatively low resolution, as this suffices to evaluate
the necessary interventions to achieve a healthier and more comfortable IC [27].

The numerical model is simulated in TRNSYS 18 using the building model Type
56. It contains both the thermal and IAQ performance (CO2, and PM2.5). The
collected data was translated into assumptions for the boundary settings of the base
model, which represents a standard naturally ventilated classroom. For example, as-
sumptions were made regarding construction properties and ventilation rates, based
on the observations made in the field. In reality a classroom is exposed to fluctuating
outdoor conditions and user behaviour, a simplification of the yearly exposure has
been made. Therefore, the data is extrapolated to summer and winter conditions.

22



3.1.1 Base model

The boundary conditions of TRNSYS model were primarily based on the field study
data. For example the CO2 measurements were used to assess the ventilation and
infiltration rate. Additionally, the base model is derived from classroom 2D, given
Section 2.2.2. The base model only encounters the classrooms on the ground and
the first floor with their neighbouring hallways, as shown in the sectional drawings
of the model in Figure 3.1. The sections display the varying physical conditions in
summer compared to winter. The influence of neighbouring classrooms are estimated
to behave adiabatic.

(a) (b)

Figure 3.1: Cross-sectional drawing of base model during (a) summer, (b) winter

The TRNSYS model has been defined in 6 separate components as shown in Fig-
ure 3.2. Type 56 is the centre of the model, which represent the building model.
Type 56 is continuously receiving hourly input from the other components regarding
climate, ACH rates, occupancy, etc. Subsequently, type 56 returns hourly IC perfor-
mances. The component ’SET points’ determines for every hour whether the room
is occupied, windows are open, and fans on. This indirectly defines the ACH rates
and therefore affects the components regarding the ATC and IAQ calculations.

Type 56 is built within TRNBuild. The model consists of two classrooms and their
parallel hallways, which are represented as 4 different airnodes. In this type the
construction characteristics, façade, orientation, ventilation regime, cooling regime,
and exposure are defined. The physical properties of both a classroom and hallway
are described in Table 3.1. The walls were approached as fully double brick walls
(0.4 m) with both a light lime cement plaster on the inside and outside of each 1
cm This leads to an heat transfer coefficient (U-value) of 1.555 W/m2.K and addi-
tionally a solar absorptance of 0.65 [-] corresponding to the light plaster conforming
to the TRNSYS Type56 documentation. The floors were simulated as 0.2 m thick

23





















Figure 3.2: Schematic representation of the TRNSYS model

concrete layer and the roof as 0.35 m thick concrete layer finished with 1 cm thick
cement mortar. Again the outer solar absorptance is 0.65 [-]. The ground floors were
simulated as boundaries with an outer exposure coupled to the ground temperate
from the climate file. The inside solar absorptance, longwave emission coefficient,
and convective heat transfer coefficient are kept default. The openings were simu-
lated as open windows (TRNbuild window library ID number 100).

The Exposure component reads the hourly climate file. Within this component the
use of shading devices and its effect on radiative exposure is determined. Eventually,
the climate data, including the adapted solar radiation data, is send to Type56.

Within the SET point component the following occupancy profiles were used: on
school days the classrooms are occupied from 08:00 to 17:00 with a lunch break from
12:00 to 13:00 (minus vacation results in 1890 occupancy hours), the fans were acti-
vated whilst the operative temperature (Top) exceeds 25 �, and window shutters are
closed whilst Top drops below 21 �. However, the shutters are opened again whilst
the sun radiation exceeds 1200 kJ/h.m2. Based on the window and fan set points,
the ventilation rates are assumed. During a hot summer day when windows are open
and fans are on, the ACH was 19 [1/h] with an indoor air velocity (v) of 0.4 m/s. In
mid-season when windows are open at one side only and fans are off, the ACH was
assumed 7 [1/h] as single side purging capacity conforming to NEN 1087:2001 and
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v is 0.1 m/s. On a cold winters day when windows/shutters are closed and fans are
of, the ACH rate is 3.5 [1/h] and v is 0.05 m/s. As the open hallway should roughly
equal the outdoor concentration, a constant high ACH rate of 60 [1/h] is assumed.

The energy component is already added to the base model. However, it not yet
used until Chapter 5 as there is no active system added to the model yet.

Table 3.1: Physical characteristics of the base model

Construction Orientation Surface Opening Type

[-] [-] m2 m2 [-]

Class

Wall South 17.6 5.68 External

Wall North 17.6 3.5 Adjacent

Wall East 22.4 - Adiabatic

Wall West 22.4 - Adiabatic

Floor Horizontal 38.5 - Boundary/adjacent

Ceiling/roof Horizontal 38.5 - Adjacent/external

Hall

Wall South 17.6 5.68 External

Wall North 17.6 3.5 External

Open East 4.8 - Adiabatic

Open West 4.8 - Adiabatic

Floor Horizontal 8 - Boundary/adjacent

Ceiling/roof Horizontal 38.5 - Adjacent/external

Thermal performance

The thermal comfort is evaluated in the thermal component based on the simulated
operative temperature (Top) and the corresponding adaptive thermal comfort (ATC)
model for naturally ventilated buildings [28]. The ATC encounters the effect of ex-
treme outdoor temperatures as an increased thermal acceptance of the teachers and
students [29, 30, 31], whom are accustomed to unconditioned indoor climates. More-
over, the ATC prevents an unnecessary cooling demand in the improvement packages.
The Top, the temperature as experienced indoors, is calculated via Equation 3.1 [21].
Additionally, for the ATC model the neutral operative temperature Tneut is related
to the 30day outdoor running mean temperature (Trm,30) as described by Equa-
tion 3.2 [22, 31]. Within the ATC model the Top compared towards the Tneut. The
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Indian ATC for naturally ventilated buildings describes two acceptability ranges as
depicted in Figure 3.3. The dotted lines represent the boundary temperature re-
garding the 90% (+/- 2.4 �) acceptability range and the striped lines the 80% (+/-
4.1 �) acceptability range.

Top = (Ta ∗
√

10v + Tmr)/(1 +
√

10v) (3.1)

Tneut = 0.54Trm,30 + 12.83 (3.2)

With:

Top : Indoor operative temperature [�]
Ta : Indoor air temperature [�]
Tmr : Indoor mean radiant temperature [�]
v : Indoor air velocity [m/s]
Tneut : Neutral indoor operative temperature [�]
Trm,30 : 30day outdoor running mean air temperature [�]

Figure 3.3: Adaptive thermal comfort model for naturally ventilated buildings in India

IAQ performance

Within the IAQ component, the indoor CO2 and PM2.5 concentration in all four
airnodes was hourly calculated via Equation 2.1. Each hour, the CO2 and PM2.5

equation boxes received information on the previous CO2 or PM2.5 concentration,
natural ventilation rate, infiltration rate, filtered mechanical ventilation rate and oc-
cupancy. The outdoor CO2 concentration were assumed to be fixed at 450 ppm.
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This is rather high, but this value was also measured in the field and indicates the
worst case scenario. Additionally, the outdoor PM2.5 concentration was based on
measurement data of 2015, 2016, and 2017 provided by the American Embassy in
Delhi. In both calculations it was assumed that natural ventilated and infiltrated air
originates from outside.

The IAQ is evaluated based on ISHRAE standard Class C [22]. Corresponding
threshold value for CO2 is 750 ppm above the ambient concentration. The WHO
advises a daily average PM2.5 exposure of ≤ 10µg/m3 and a yearly average of ≤
25µg/m3 [15]. Since the ISHRAE standard indistinctly provides a daily or annual
threshold for PM2.5, it is assumed to be daily average threshold of ≤ 25µg/m3 for
Class C. Both indoor CO2 and PM2.5 concentration are calculated using balance
Equation 2.1 conforming to NEN-EN 13799. The CO2 production within a class-
room is highly dependent on a persons weight. Within the model it is assumed that
an adult produces 19 l/hr CO2 and a child 14 l/hr [32].

Due to the hazardous outdoor PM2.5 pollution, it is hard to meet the WHO standard
on annual PM2.5 exposure. Therefore, it is interesting to categorize the indoor hourly
PM2.5 exposure. A familiar criteria in India is the Exceedence Factor (EF). The EF
is defined by Central Pollution Control Board (CPCB) and subdivides the pollution
level of certain air pollutants into four categories. EF is based on the observed annual
mean of concerning outdoor pollutant, which is approximately 100µg/m3 for PM2.5

in Delhi. The corresponding categories are:

� Low pollution (L) EF < 0.5

� Moderate pollution (M) 0.5 > EF < 1.0

� High pollution (H) 1.0 > EF < 1.5

� Critical pollution (C) EF > 1.5

Eventually, the improvement packages are assessed on their under and overheating
hours, CO2 exceedence hours, average seasonal CO2 exposure, PM2.5 EF categorized
hours, and average annual PM2.5 exposure.

3.1.2 Validation

The model was verified by comparing the simulated thermal and CO2 profiles with
the measured profiles during similar outdoor conditions. Unfortunately, no long term
measurement was performed in the reference classroom. Therefore, the long term
measurement in another similar classroom was used. Within the numerical base
model, 4th of September was selected for the validation, as the data on that day
is most comparable to the measured outdoor thermal profile (28-9-2017). Note, the
weather data file represents the climate in Delhi in 2005, thus there was no identical
match of the outdoor conditions.
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3.1.3 Sensitivity analysis

In order to evaluate the reliability of the base model, a sensitivity analysis was itera-
tively executed to indicate the response of the model, as the model is only a simplifi-
cation of reality. All assumptions regarding the construction, occupancy, ventilation
rates, and indoor air velocity rates were changed repetitively within the realistic de-
viation range. An overview of the adapted parameters is given in Table 3.2. After
each adaptation, the effect on the performance indicators is explored. The sensitivity
is evaluated based on overheating, under heating, CO2 exceedence hours, and annual
average PM2.5 concentration.
When understanding which boundary conditions are highly influencing the IC per-
formances, it advances the discussion on the improvement packages performance.
Additionally, by understanding the dependency of certain boundary conditions, fu-
ture extrapolation to classroom in other situations or regions of India would be
helped.

Table 3.2: Sensitivity analysis variables

Building model parameters Set points

Construction
thickness

+/- 25%
0.3 / Fans operative

temperature
switch point

+/- 2 �

23 /
0.5 m 27 �

Solar absorbance - 33% 0.43 [-]

Ventilation +/- 25%
14 / Window opera-

tive temperature
switch point

+/- 2 �

19 /
24 [1/h] 23 �

Occupancy +/- 25%
30 /

40 Window solar
radiation switch
point

+/- 200
kJ/h.m2

1000 /
Indoor air veloc-
ity

+/- 50%
0.2 / 1400

kJ/h.m2

0.6 m/s

3.2 Results

3.2.1 Base model

Thermal comfort

Given the ATC model for naturally ventilated buildings the base model shows that
the first floor has roughly 66 more overheating hours than the ground floor classroom.
This is also visible in the ATC assessment of both classroom room, given Figure 3.4a
and 3.4b. Additionally, the classroom on the first floor also has 7 more under heating
hours compared to the ground floor.
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(a) (b)

Figure 3.4: (a)First floor classroom ATC assessment for naturally ventilated build-
ings, (b) Ground floor classroom ATC assessment for naturally ventilated buildings

Indoor air quality

Figure 3.5 shows the classroom’s annual CO2 profile. During winter, when the infil-
tration rate is a determining factor, the concentration always exceeds the ISHRAE
class C. While during summer this limit is never reached. In mid seasons the indoor
concentration approaches the limit rather close.

Figure 3.5: Annual carbon dioxide concentration profile, varying per season
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Regarding the fine particles, the indoor and outdoor annual average PM2.5 expo-
sures are equal as shown in Figure 3.6. Given Table 3.3, approximately 12% of the
occupancy hours are underneath the daily average PM2.5 WHO limit of 25 µg/m3.
Also the annual average PM2.5 WHO limit of 10 µg/m3 is exceeded 11 fold. In total
the indoor PM2.5 exposure at 40% of the occupancy hours is above the annual mean
outdoor PM2.5 concentration. Less than 40% this exposure is underneath the 50
µg/m3.

Table 3.3: Annual PM2.5 characteristics throughout one school year, EF based on
annual mean 100 µg/m3

Classroom Annual mean EF WHO Total

indoor outdoor (L) (M) (H) (C) limit hours

[µg/m3] [µg/m3] [h] [h] [h] [h] [h] [h]

First floor 116 116 697 408 309 476 225 1890

Ground floor 116 116 697 408 309 476 225 1890

Figure 3.6: Annual PM2.5 concentration profile, varying per season

3.2.2 Validation

Figure 3.7 shows that the TRNSYS base model behaves in line with the field measure-
ments, though absolute agreement is not achieved. In addition the model responses
in line with physical expectations during validation. As expected the ground floor
classroom stays cooler during summer and warmer during winter, compared to the
first floor classroom. Though during measurements, Tout appears to cool down less
during night compared to the simulation. This might be caused by the urban heat
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island effect. In that the night ventilation might be less effective in reality, than
currently simulated.

Figure 3.7: Temperature profile for a normal school day in October, measured data
compared to simulated data

Both classrooms have similar CO2 profiles due to identical occupancy schedules.
Even though, in reality the CO2 concentrations are fluctuating, Figure 3.8 shows
that the base model is able to catch the right peak in case of an occupied room of
40 people. Note, during the measurement the classroom was empty in the morning
session.

Figure 3.8: CO2 concentration profile for a normal school day in October, measured
data compared to simulated data
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3.2.3 Sensitivity analysis

The classroom in the first floor appeared to be most sensitive. Therefore, only
the results of this room is emphasized here in Figure 3.9 and 3.10. The complete
sensitivity analysis can be found in Appendix C. The TRNSYS base model is most
sensitive for the assumed ventilation rate, regarding the CO2 exceedence, under- and
overheating hours. Mainly, this is occurring during winter time when the ventilation
rate is assumed to be relatively low. For example, a 25% increase in ACH rates
reduces the amount of CO2 exceedence hours with 46% and increases the under
heating hours with 45%. Vice versa decreasing the ACH rate with 25% leads to
3% increment of CO2 exceedence hours and 48% reduction of under heating hours.
As the current ACH assumtion already represents a worst case scenario in terms of
indoor CO2 concentration, the ventilation rate seems suitable for the current model.

Figure 3.9: Sensitivity analysis IC performance on under- and overheating hours at
the first floor, with total amount of occupancy hours = 1890 h

A drop in occupancy or a change in occupancy behaviour (opening windows and
turning on fans) notably affect the CO2 exceedence hours and the under heating
hours. For example, a 25% drop in occupancy decreases the CO2 exceedence hours
with 46% and overheating hours with 11%, while it increases the under heating hours
with 44%.
The fans are assumed to be the driving force behind both the indoor air velocity
and the ACH rates. Therefore, activating the fans at a higher or lower Top directly
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Figure 3.10: Sensitivity analysis IC performance on CO2 exceedence hours at the
first floor, with total amount of occupancy hours = 1890 h

corresponds to respectively 16% decrease or 19% increase in CO2 exceedence hours.
As described by Equation 3.1, a change in air velocity affects the share of air temper-
ature compared to the mean radiant temperature. Still corresponding change in air
velocity rather little affects the thermal comfort, probably this the air temperature
and meant radian temperature are within the same order of magnitude. Though
when directly changing the velocity parameter by 50% the overheating in summer is
most influenced , while during this time of the year the air velocity is of great im-
portance to bring down the operative temperature. A 50% increase would result in
a 5% decrease of overheating hours. However, such a decrease is not realistic. Since
in the field, while the fans were active, the measured velocity was visibly high, the
measured velocities fluctuated from 0.1 - 1.2 m/s and papers were even flying around.

Due to the climate, overheating hours are a far more common feature with rela-
tively much fewer under heating hours. This difference causes the under heating
hours to be relatively more sensitive for all modelling parameters than the overheat-
ing hours, see Figure 3.9. Hence, the percentage sensitivity is different. However,
in absolute sense the sensitivity in amount of under heating hours is similar to the
overheating hours. For example the under heating hours are relatively sensitive to
the change in the solar absorption, roughly 40%. This is only a 30 hours difference
compared to the base case, which is equal to the change in overheating hours.
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3.3 Conclusion

The IC problems are varying per season. During winter there are a few under heating
hours, most of the time the CO2 concentration is above the limit, and the indoor
air is extremely polluted. The under heating hours are caused by to the relatively
high heat losses as the façade is uninsulated. Simultaneously, the cold infiltrating air
causes thermal discomfort in winter. However, the infiltration alone is insufficient to
provide enough fresh air. Therefore the CO2 concentration is highly exceeding the
CO2 limit. Still each hour the outdoor hazardous pollutants are fully penetrating
into the indoor environment (above 100 µg/m3).
In summer Top is almost all the time above the neutral temperature. Especially, the
classroom on the first floor is extra hot due to the additional solar load coming from
the roof. There is no risk for exceeding CO2 concentration, while the natural venti-
lation rates easily reaches 19 [1/h]. Additionally, the outdoor PM2.5 concentration
is usually below 100 µg/m3.

The sensitivity analysis showed that the ventilation rate and occupancy is most
important to determine the specific IC performances. The ACH rate highly affects
the thermal comfort and the CO2 concentrations in general, as the ventilation is
key to reduce the indoor CO2 concentration and cool the room. Though, in winter
the infiltrating cold air induces under heating hours. In mid-season the ACH rate is
on the edge of sufficient, meaning the smallest decrease in ventilation leads to CO2

exceedence hours.
Simultaneously, a variation in occupancy highly affects the thermal comfort and the
IAQ with regards to CO2. This sensitivity is caused by the occupant itself, as it acts
as a source of heat and CO2 within a classroom. In this research the ACH rate and
occupancy is assumed to be constant. In reality those are fluctuating and therefore
this research only indicates the mean thermal comfort and IAQ performance of a
standard classroom. In order to define these IC performances into more detail, a
more extensive user profile and dynamic air balance is required [33].
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Chapter 4

Design solutions

4.1 Method

There are different aspects involved in moving towards a healthier and more comfort-
able indoor environment. This project primarily focusses on PM2.5 exposure, CO2

levels, and thermal comfort. However, while warding off outdoor PM2.5, there is
still a need for fresh outdoor air supply to reduce the CO2 concentration. Thus, the
ventilation rate should be optimized in order to prevent unnecessary air purification.
Additionally, Delhi’s composite climate varies across some extremes and is a rather
important design parameter while proposing any solution. Generally, the highest
temperatures (up to 38 �) occur during the hot dry season, while the highest pol-
lution (over 500 µg/m3) occurs in winter period (temperatures towards 9 �).
For this research it is important to correctly indicate the level of comfort in a class-
room in Delhi. However, the active cooling demand should be minimized. Taking
this into account, the Indian ATC model for naturally ventilated buildings [22] is
easy applicable and is able to prevent introducing unnecessary energy use. Though,
important to note is that children thermal sensation and temperature preference are
roughly falling 1–2ºC below those of adults [34, 5].

Unilateral interventions

The main challenge is to anticipate on the varying indoor conditions due to the out-
door climate. A specific technique might only work within one single season. First
step would be to prevent solar heat or air pollution from entering the building, e.g.
sealing the room. Second step would be to create an active filtering and cooling
system while integrating passive techniques. For example, Panchabikesan et al. [35]
analysed the cooling potential of Direct Evaporative Cooling (DEC), Nocturnal Ra-
diative Cooling (NRC), and Phase Change Materials (PCM) based free cooling for
among others New Delhi. The research showed a good potential for DEC and NRC
up to respectively 220W/m2 and 70W/m2. Whereas, most of the time the PCM free
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cooling was not feasible or either unnecessary. Note, the potential of the NRC was
much more consistent than the DEC, while the DEC potential rigorously dropped in
the hot and humid season. Regarding the active filtering, the two mostly applied air
purifying devices are either mechanical air filters or electronic air cleaners. However,
the innovative technologies of nano fiber films [36, 37] and window purifying venti-
lators [38, 39] also show to be rather promising.

The potential solutions were selected based on the literature study and selection
criteria. Too expensive, too novel, (Technology Readiness Level underneath 7) or
maintenance sensitive solutions were omitted. The remaining interventions were in-
dividually tested in the base model to evaluate their effect on the IC performances.
The solutions were compared towards the base case by evaluating the under heating
hours, CO2 exceedence hours, average seasonal CO2 exposure, and annual average
PM2.5.

Firstly, solutions were selected to passively reduce the solar load and the exposure
to outdoor pollutants. These passive solution concerned changes in the façade, e.g.
adding roof insulation, reflective paint or window glazing. The effectiveness of a
nano fiber filter was explored, however this state of the art application is not yet
on the Indian market. Secondly, active solutions were selected to prevent overheat-
ing and filter the indoor air. Well-known solutions in India is the ESP device or
Air Handling Unit (AHU) with integrated coarse and fine filters. Note, the coarse
filter is necessary to assure the fine filter to be able to filter the fine particle effi-
ciently, otherwise coarse particles block the fine filters. In addition to these familiar
techniques, the effectiveness of an innovative window purifying ventilator system was
tested and the difference in DEC an indirect evaporative cooling (IEC) was explored.

Intervention models

When changing the façade or supplying mechanical ventilation, the natural venti-
lation and infiltration rate are affected. While there is no air flow network defined
within this research, only indicative ACH rates can be assumed. These assumption
are based on average infiltration through windows and doors in relation to the wind
velocity [40]. Although this velocity is fluctuating, within the simulation we calculate
with a constant infiltration rate based on the annual average wind velocity in Delhi,
which is 1.7 m/s [9]. Appendix D gives an overview of the data behind assumptions
of the infiltration rates. The natural ventilation rates are approximated based on the
purging capacity of a certain open area conforming to NEN 1087:2001.

A list of all deviating building parameters compared to the base case is presented in
Table 4.1. Appendix D describes each intervention into more detail.

36



T
ab

le
4.

1:
M

o
d

el
p

ar
am

et
er

s
fo

r
al

l
th

e
d

iff
er

en
t

so
lu

ti
on

in
te

rv
en

ti
on

s

C
la

ss
U
w
a
ll

U
r
o
o
f

U
w
in

d
o
w

α
w
a
ll

α
r
o
o
f

sh
a
d
ow

A
C
H

n
a
t[

1/
h

]
A
C
H

m
ec

[1
/h

]
η f

il
te
r

W
/
m

2
.K

W
/
m

2
.K

W
/
m

2
.K

[−
]

[−
]

r
o
o
f

w
in

d
o
w

su
m
m
er

w
in

te
r

o
u
td
o
o
r

r
ec
ir
cl
e

[−
]

B
a
se

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
19

3.
5

0
0

0

R
efl

ec
ti

ve
pa

in
t

2
.8

7
1.

56
5.

68
0.

25
0.

25
0

0
19

3.
5

0
0

0

In
su

la
ti

o
n

2
.8

7
0.

33
6

5.
68

0.
65

0.
65

0
0

19
3.

5
0

0
0

F
a
ls

e
ce

il
in

g
2
.8

7
0.

45
5.

68
0.

65
0.

65
0

0
19

3.
5

0
0

0

R
oo

f
sh

a
d
o
w

2
.8

7
1.

56
5.

68
0.

65
0.

65
1

0
19

3.
5

0
0

0

G
la

zi
n

g
2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
3

1.
7

0
0

0

S
ea

l
o
ld

w
in

d
o
w

s
2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
1.

75
1.

3
0

0
0

N
ew

w
in

d
o
w

s
2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
1.

35
1.

0
0

0
0

N
a
n

o
fi

be
r

w
in

d
o
w

fi
lt

er

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
1.

35
3.

85
0

0
0.

95

C
lo

se
h
a
ll

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
1.

15
0.

8
0

0
0

B
a
m

bo
o

sh
a
d
in

g
2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0.
8

19
3.

5
0

0
0

W
in

d
o
w

p
u

ri
fy

-
in

g
ve

n
ti

la
to

r

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
0.

95
0.

7
2.

5
0

0.
9

E
S

P
d
ev

ic
e

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
19

3.
5

0
0

0.
99

A
H

U
(H

E
P

A
fi

lt
er

)

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
12

1
7.

6
0

0.
99

9

D
E

C
(d

es
er

t
co

o
le

r)

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
3.

5
19

0
6

0

IE
C

(r
ec

ir
-

cu
la

ti
o
n

)

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
3.

5
19

0
6

0

IE
C

(o
ve

r-
p
re

ss
u

re
)

2
.8

7
1.

56
5.

68
0.

65
0.

65
0

0
3.

5
19

6
0

0

37



4.2 Results

In Figure 4.1 the thermal comfort is expressed in under and overheating hours.
Figure 4.3 displays the CO2 exceendence hours and Figure 4.4 represents the annual
average PM2.5 exposure level. The base case is used as a reference and therefore is
the first in each list.

Thermal comfort

Adding insulation to the roof or creating shadow reduces the overheating hours most
in the first floor classroom (20-30%). However, the shadow on the roof leads to an
increase in under heating hours up to 120%. Similarly, reflective paint on the exte-
rior surface can reduce the overheating hours, but also duplicates the under heating
hours. Especially the room on the first floor can be kept cooler due to reflective paint
on the roof. When adding a false ceiling in the classroom on the first floor the under
heating hours are reduced with 30%. However the overheating hours are increased,
which is due to the reduction of thermal mass.

Closing the facade by either adding single glazing, replacing the windows with double
glazing, or adding a nano fiber filter easily doubles the overheating hours. In con-
tinuation, the under heating hours are getting close to zero. Closing the hall further
increases the over heating hours and reduces the underheating hours, while relatively
less air is infiltrating from outside compared to the closed facade with an open hall.
Additionally, adding bamboo shading rather little affects the overheating hours dur-
ing summer while there is no glazing in current windows. Seemingly, the shading in
winter block the solar heat from entering the rooms. Therefore, the underheating
hours increase while applying solar shading in winter.

Active filtering via mechanical ventilation systems does not significantly affect the
overheating hours, if the similar ACH rates are simulated for this mechanical ven-
tilation as for natural ventilated base case and the air stream is not chilled. This
way the exchange of hot outdoor air during summer is not changed compared to the
base case. However, during winter while the mechanical ventilation supplies sufficient
fresh air the exchange with the outdoor cold air is increased compared to the base
case. This is just what is happening when an AHU with HEPA filters is designed
with ACH rates of 7 [1/h].

For active evaporative cooling the overheating hours can be reduces roughly 30%.
The under heating hours are unaffected by the evaporative cooling. The DEC is
slightly more effective than IEC. Though the IEC with the outdoor air as primary
flow is performing almost equal to the DEC.
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Figure 4.1: Solution IC performance on under and overheating hours in the classroom
on the first floor, with total amount of occupancy hours = 1890 h

Figure 4.2: Solution IC performance on under and overheating hours in the classroom
on the ground floor, with total amount of occupancy hours = 1890 h
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Indoor air quality

While sealing the façade without introducing mechanical ventilation, the CO2 con-
centration is exceeding 1150 ppm at least 70% of the time. This also accounts for
the use of a nano fiber filter in front of the window openings. As it increases the re-
sistance for natural ventilation. Though, when adding a window purifying ventilator
within available window area only a ACH rate of 2.5 [1/h] can be achieved. Including
the reduced infiltration rate this rather small ACH rate leads to an increase in CO2

exceedence hours of 90-100% (occurring during winter). The AHU supplies sufficient
fresh air of 7 [1/h] and therefore the CO2 limit of 1150 is not exceeded.

While lowering the ACH rate by sealing the façade, the infiltrated fine particles take
longer to ex-filtrate again. This can lead to an increase in annual average PM2.5

exposure of 1-2%. Only the active filtering applications are able to lower the annual
average PM2.5 exposure. The nano fiber filter is able to reduce the annual average
PM2.5 exposure by 40%, the window ventilator by 65%, the ESP device 30% and the
AHU 60%. The ESP and AHU are less effective even though they have a high filter
efficiency, as within the ESP simulation the filtered air is more easily ex-filtrated
compared to the ventilated air via the nano fiber and window ventilator.

Figure 4.3: Solution IC performance on CO2 exceedence hours, with total amount
of occupancy hours = 1890 h
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Figure 4.4: Solution IC performance on annual average PM2.5 exposure

4.3 Conclusion

As most CO2 exceedence hours are appearing during winter, it is interesting to in-
crease the ventilation rate only than. However, this also increases the under heating
hours. Adding insulation or blocking the solar load is insufficient to eliminate the
overheating hours, meaning active cooling is necessary. Similarly, sealing the build-
ing only helps reducing the PM2.5 concentration while actively filtering the indoor
air or incoming outdoor air. Note, active filtering the indoor air without applying
window panes reduces the effectiveness of the PM2.5 filters.
Sealing the classrooms (mainly by adding window glazing) extremely increases the
overheating hours and can eliminate the under heating hours, while the glazing re-
sults in an extra solar gain. Additionally, while sealing the building it is necessary
to assure sufficient fresh air supply to the classroom.

Accordingly, active air filtering and cooling are necessary to reach intended IC perfor-
mances. Of all investigated filtering techniques, only the nano fibre filter is excluded
from the packages assembling as it is not yet feasible. For decentralized cooling the
DEC seemed sufficient in Delhi climate. As the DEC system is more affordable than
the IEC system, the IEC is omitted from the package assembling. However, when
implementing an AHU the air will be chilled via a cooling coil.
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Chapter 5

Improvement packages

This chapter explains how the packages were designed, modelled, and assessed. The
method behind this is presented in Section 5.1. Section 5.2 shows how the pack-
ages are performing and analyse the comparisons between those packages. Finally,
Section 5.3 concludes the package performances into a guideline.

5.1 Method

In collaboration with architect Ashok B. Lall and his employees, a design concept was
assembled. The first steps address the passive and low-end solutions. Subsequently,
additional active and high-end solutions are integrated following the steps:

1. Reduce the entering of polluted air by e.g. sealing the building

2. Reduce the solar load by e.g. applying insulation

3. Filter indoor air actively via e.g. ESP device

4. Cool indoor environment actively via e.g. evaporative cooling

5. Produce sustainable energy via e.g. photovoltaic (PV) panels

Four combinations of solutions are provided to guide on different low-end and high-
end interventions. Each package varies in IC performance, cost, and energy demand.
The first package is assembled to be the most feasible low-end intervention, both in
terms of cost, energy, and renovation work load. The second package is an inter-
mediate between low-end and high-end intervention, which uses decentralized active
filtering and cooling. The third package is again an intermediate solution between
low-end and high-end with decentralized systems. However, this time the investment
is bigger. The fourth package is constructed as high-end solution. Within the pack-
age a central active filtering and cooling system is applied. In the next subsection
the improvement packages are described in more detail.
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The package performances are tested regarding the IC, energy, investment costs,
and operating costs. The results can be found in Section 5.2. Each package is
separately explained by describing the changes compared to the base case. Within
this description there will be referred to the building interventions as presented in
Section 4.1. Additionally, different operating conditions for summer and winter are
displayed. All packages are designed in such a way that there is always a ACH rate
of at least 7 [1/h].

5.1.1 Package 1 - Decentralised low-tech

The first package requires the least investment as most of the current conditions is
preserved (Figure 5.1). A poly-urethane insulation layer of 80 mm is added to the
roof, per room 9 window purifying ventilators are added into the façade, and in sum-
mer a canopy and bamboo shading (0.3 m offset) are assembled to provide shadow
(shading 0.8). The original windows are reused while integrating single glazing with-
out weathers stripes, corresponding to an infiltration rate of 1.7 [1/h] in winter. The
windows are fully operable. However, the ventilators reduce the open area. This is
assumed to reduce the natural ACH rate in summer to 14 [1/h] conforming to NEN
1087:2001. In winter, when windows and doors are closed, the window purifying
ventilators are active with a capacity of 5.2 [1/h]. As doors are regularly opened the
room is not fully on over pressure. Therefore, still the infiltration rate of 1.7 [1/h] is
kept at an equal value in the simulation.

(a) (b)

Figure 5.1: (a)Schematic representation of package 1 during summer, (b) Schematic
representation of package 1 during winter
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5.1.2 Package 2 - Decentralised high-tech

The second package is provided with a 80 mm poly-urethane roof insulation layer,
solar reflective paint on the wall, per room 11 window purifying ventilators into the
façade, in winter an ESP (3.5 [1/h]), and in summer a desert cooler (335 kJ/h)
(Figure 5.2). The windows are replaced by double glazed fully operable windows,
corresponding to an infiltration rate of 1.3 [1/h] in winter. Same as before, the
ventilators reduce the open area and therefore the natural ACH rate in summer is
14 [1/h] conforming to NEN 1087:2001. In winter, when windows and doors are
closed, the window purifying ventilators are active with a capacity of 5.7 [1/h]. As
doors are regularly opened the room is not fully on over pressure. Therefore, still
the infiltration rate of 1.3 [1/h] is kept at an equal value in the simulation.

(a) (b)

Figure 5.2: (a)Schematic representation of package 2 during summer, (b) Schematic
representation of package 2 during winter

5.1.3 Package 3 - Decentralised with renewable energy

The third package is provided with a 80 mm poly-urethane roof insulation layer, 12
PV panels on the roof, per room 11 window purifying ventilators into the façade,
bamboo shading (0.3 m offset, shading 0.8) and a desert cooler (335 kJ/h) in summer,
and an ESP (3.5 [1/h]) in winter (Figure 5.3). The 270 Wp PV panels on the roof
cause shading of approximately a factor 0.7. The windows are replaced by double
glazed partly operable windows, corresponding to an infiltration rate of 1.3 [1/h] in
winter. The ventilators operate during occupancy hours with an ACH rate of 5.7
[1/h]. Half of the window area is operable with a 30° angle, which roughly equals
a purging capacity of 6.3 [1/h] conforming to NEN 1087:2001. As the door is still
frequently opened it is assumed that there is not sufficient overpressure to counteract
the natural ACH rate. In winter, the ACH rate is mostly relying on the the window
purifying ventilators. However, as doors are regularly opened the room is not fully
on overpressure. Additionally, the window purifying ventilators are supplying air

44



from different sides, that might induce higher turbulent fluctuations similar to the
under heating of the ceiling fans [26]. Therefore, the infiltration rate of 1.3 [1/h] is
kept at an equal value in the simulation.

(a) (b)

Figure 5.3: (a)Schematic representation of package 3 during summer, (b) Schematic
representation of package 3 during winter

5.1.4 Package 4 - Centralised with renewable energy

The fourth package is equipped with a 80 mm poly-urethane roof insulation layer, 12
PV panels on steel plate double roof, a 15000 m3/h AHU with 3 stage filtering and
cooling coil, bamboo shading (0.3 m offset, shading 0.8) in summer (Figure5.5). This
AHU can supply sufficient fresh air for 16 classrooms. Eventually, the AHU supplies
filtered (chilled) air with a ACH rate of 7.6 [1/h] per classroom. The cooling coil
simulated by type752f with a variable setpoint temperature as described in Figure 5.4,
which is activated when Tout exceeds 30 �and deactivated when Tout falls below 28 �.

Figure 5.4: Cooling coil setpoint temperature based on the outdoor temperature
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The roof construction including the 270 Wp PV panels on the roof cause shading
of approximately a factor 0.95. The windows are replaced by double glazed partly
operable windows, corresponding to an infiltration rate of 1.3 [1/h] and a purging
capacity of 6.6 [1/h]. However, in this situation it is assumed that the under heatin-
give infiltration rate and natural ACH rate is slightly lower due to overpressure.
Therefore, these rates are assumed to be respectively 1 [1/h] and 5.3 [1/h] in the
simulation.

(a) (b)

Figure 5.5: (a)Schematic representation of package 4 during summer, (b) Schematic
representation of package 4 during winter

5.1.5 Performance assessment

Thermal comfort

Top is tested towards the 80% acceptability range in the ATC for naturally ventilated
buildings according to the Indian NBC of 2016.

Indoor air quality

As mentioned before the ISHRAE limit class C (750 ppm above ambient level) is
used as a starting point for all packages. In order to compare the packages the
CO2 exposure is categorized by the three ISHRAE classes A, B, and C. The Dutch
maximum acceptable indoor CO2 concentration is 1200 ppm, which corresponds to
ISHRAE class C limit. While ASHRAE advised a lower limit of 1000 ppm, which
is related to ISHRAE class B (ambient +500 ppm). Though it seems that these
limits only apply to healthy adults (20-55 year). For children and elderly the advised
indoor CO2 concentration would be 700 ppm, and for children with lung disorders
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this would be 600 ppm [41]. ISHRAE class A attempts to satisfy this limit by advising
a maximum of ambient +350 ppm. Corresponding four categories would than be:

� ISHRAE class A: CO2 < ambient +350 ppm

� ISHRAE class B: ambient +350 ppm < CO2 < ambient +500 ppm

� ISHRAE class C : ambient +500 ppm < CO2 < ambient +700 ppm

� Exceeding: CO2 >ambient +700 ppm

For the PM2.5 exposure the WHO limits on daily and yearly average exposure are
used as a starting point to compare all packages. Similar to the categorization of
CO2 exposure, the PM2.5 exposure is categorized in 4 groups corresponding to the
EF criteria.

Energy

The energy component in the TRNSYS model exports data regarding the active
hours of electrical equipment e.g. fans and ESP, which is post-processed in excel.
Additionally, the active cooling power is directly calculated within the TRNSYS
type506a for the desert cooler and type752f for the cooling coil. The energy per-
formance is post-processed based on the simulated information whether systems are
on or how much energy is used. Eventually, the mean energy use per classroom is
found by averaging the energy use of both classrooms on the first floor and ground
floor. Also the power usage of the AHU is converted into the mean energy use per
classroom, as one AHU (15000 m3/h) can provide fresh are to 16 classrooms. The
cost indication is based on the the following common device performances:

� Fan power 75 W

� window purifying ventilator 35 W

� ESP 150 W

� Desert cooler 200 W

� AHU 15000 m3/h 7.5 kW fan power, 150kW cooling power

� PV panel 270 Wp

Costs

Each improvement package has a price, both operational and investment wise. Ap-
pendix E.3 indicates the Indian prices for purchase, installation, maintenance, and
energy. The installation costs are approximated by assuming constant costs per
project engineer per hour of 50 INR/hr. For the energy costs, a constant price for
electricity and water is assumed of 9 INR/kWh and 1000 INR/m3. The costs are cal-
culated per classroom for each intervention separately. Afterwards the mean annual
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investment, operating, and maintenance costs are summarized for each package. The
cost indication can be found in Appendix E.3. The investment cost was estimated by
the help of local engineers like project manager D. Bhattacharya, as they are familiar
with the Indian market. Remaining cost indication was based on online engineering
markets dir.indiamart.com and www.flipkart.com (lastly visited 24 April 2018).

In order to indicate the financial benefits on the longer term, the total costs of
ownership (TCO) were assessed. The TCO exists of a summation of the investment,
operating, and maintenance costs over a couple of years. This is analysed for 10, 15,
20, 25 years.

Multi criteria analysis

The multi criteria analysis (MCA) enables us to compare the packages based on
various criteria. An MCA is a weighing method which is highly depending on the
objective of the analysis. For example in case the goal is to find the most sustain-
able package, the environmental aspects are leading over the IC and financial aspects.

Criteria
In total seven criteria are defined divided over 4 topics: thermal, IAQ, energy, finan-
cial effects. The thermal effect is analysed based on under and overheating hours.
The IAQ is compared on its annual average CO2 and PM2.5 exposure, as those give
a proper indication whether the overall exposure has decreased and to what extend.
In terms of energy use, only the electricity demand is included. For the financial part
only the investment and maintenance costs are encountered, as the operating costs is
already indirectly rated via the energy demand. The base case is included within the
evaluation matrix as it indicates whether it is worth to implement a certain package.

Weighing factor
The weighing factor is a direct translation of the objective of this research. There-
fore, the leading criteria is the IAQ effect(weight 32.5), followed by the financial
effect (weight 25), thermal effect (weight 22.5), and energy effect (weight 20). This
way the indoor climate criteria together represent 55% of the evaluation, and 45% is
represented by the financial and energy criteria. Within the indoor climate criteria,
PM2.5 (weight 20) is the most important parameter, as this was the main objec-
tive within the research, followed by energy performance (weight 20), CO2 exposure
(weight 12.5), overheating (weight 12.5), TCO (weight 12.5), under heating (weight
10), investment costs (weight 7.5), and maintenance costs (weight 5).
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Dominance score
In order to find the dominance score, the quantitative data is standardised per cri-
teria. Within each criteria all options are weighted against each other following
Equation 5.1. This standardisation enables the comparison between different quan-
titative effects. Moreover, it conserves information on which option and how much
this option scores better.

ei = (ni − nlowest)/(nhighest − nlowest) (5.1)

With:

ei : standardised score for option i
ni : actual score for option i
nlowest : lowest recorded score for the criteria
nhighest : highest recorded score for the criteria

This returns a 0 for the lowest score (worst case) and a 1 for the highest score, the
remaining options are ranked with a weighted value between 0-1. However, when the
criteria is actually rated in a negative direction the standardised scores becomes 1−ei.
Eventually, the dominance score determines how much option i is better than option
i’ following Equation 5.2. This is a summation of the difference in performance per
criteria j times the weighing factor.

aii′ = Σwj(eji − eji′) (5.2)

With:

aii′ : dominance score of option i compared to option i’
wj : weighing factor of criteria j
eji : standardised score of criteria j for option i
eji′ : standardised score of criteria j for option i’

Sensitivity
The choice of previously assigned weighing factors make the MCA to be rather sub-
jective. A small variation in these weighing factors can be rather crucial for the final
ranking, and therefore can be debatable. This is why the turning point needs be
determined. The turning point defines the smallest change in the weighing factor
that causes a change in the final ranking of the packages. This point is found by
gradually changing the weight of a certain criterion. The sum of all weighing factors
should remain the same. Meaning that a weight increase for a certain criteria results
in a weighted decrease of all the other weighing factor. By decreasing those other
factors with the same percentage, their mutual ratios are preserved.
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Decision matrix
The specific package performances in combination with the MCA is translated into
a graphical decision matrix. This matrix simplifies the performance of each package
by a star ranking, varying for 0 - 4 stars given Table 5.1. In this rating system the
ATC is ranked on the total thermal satisfaction percentage, the CO2 and PM2.5 on
the annual average exposure. For a classroom to become energy neutral is quite a
challenge, therefore the four stars rating in this matrix is already acknowledged at an
annual energy use of less than 300 kWh. This 300 kWh functions as a starting point,
the remaining categories are rated with corresponding factors 2, 4, and 6. The finan-
cial criteria are ranked based on the standardised ranking of the MCA model. As
the packages score low (expensive), they are rated with dollar signs, given Table 5.2

Table 5.1: Star rating

Criteria ? ?? ? ? ? ? ? ??

Under heating >4% 3-4% 2-3% 1-2% 0-1%

Overheating >15% 10-15% 5-10% 1-5% 0-1%

CO2 [ppm] >1200 1000-1200 800-1000 700-800 <700

PM2.5 [µg/m3] >75 50-75 25-50 10-25 <10

Energy [kWh] >1800 1200-1800 700-1200 300-600 <300

Table 5.2: Cost rating

Criteria eeee eee ee e

Investment 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1

Total costs of ownership 0-0.5 0.5-0.7 0.7-0.8 0.8-0.9 0.9-1

5.2 Results

5.2.1 Thermal comfort performance

Figure 5.6 and 5.7 show the under and overheating hours within the two different
classrooms, at respectively the first and ground floor. For all the packages, the class-
room at the first floor is still warmer compared to the ground floor. The classroom
on the ground floor even shows an increase in under heating hours in package 1, 3,
and 4. Package 2 is the most thermally comfortable classroom.

In package 1, there is no active cooling, which makes it impossible to eliminate
the overheating hours. Additionally, the under heating hours in de ground floor
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classroom are increasing due to the extra induced cold air in winter via the window
purifying ventilators. Package 3 and 4 complete eliminate the overheating hours.
However, the under heating hours are not even halved at the first floor and even
increased at the ground floor. This is most likely caused by roof shading in winter,
as then the solar heat is blocked from heating up the rooms. When zooming in on
the ATC model of package 2 and 3 (Figure E.2 and E.3), it seems that the desert
cooler is causing extra under heating hours, as this DEC can not be conditioned with
a certain setpoint temperature. This is not the case for the well-conditioned chilled
air from the AHU.

Figure 5.6: Thermal performance of the different packages in the classroom at the
first floor, expressed in under- and overheating hours outside the 80% satisfaction
range of the ATC model with a total amount of occupancy hours = 1890 h

Figure 5.7: Thermal performance of the different packages in the classroom at the
ground floor, expressed in under- and overheating hours outside the 80% satisfaction
range of the ATC model with a total amount of occupancy hours = 1890 h

5.2.2 Indoor air quality performance

All 4 packages are designed to supply sufficient fresh air during occupancy hours to
stay within the limit of ISHRAE class C. Figure 5.8 illustrates the distribution per

51



CO2 exposure category. In the base case 70% of the time the CO2 exposure is lower
than 700 ppm, whereas in the packages this is approximately 30%. Additionally, the
indoor CO2 concentration in package 4 never exceeds 1000 ppm.

Figure 5.8: Relative CO2 exposure expressed in various exposure categories for the
different packages

As each package is gradually equipped with higher effective filtering capacity, Fig-
ure 5.9 shows how this affects the PM2.5 exposure. In the base case almost 60%
of the time the indoor PM2.5 concentration is exceeding 50 µg/m3 (above EF(L)).
Eventually in package 4 the PM2.5 exposure is even brought down to 25 µg/m3 with
an annual average PM2.5 exposure of 1 µg/m3 at a constant efficiency off 99.9 %.
Still the annual average PM2.5 exposure of package 1, 2, and 3 is still above WHO
limit (10 µg/m3).

Figure 5.9: Annual mean indoor PM2.5 exposure during occupancy hours expressed
in EF hours and hours underneath daily WHO limit of 25 µg/m3
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5.2.3 Energy

The yearly average energy use per classroom of the base case is roughly 680 kWh.
When analysing the mean energy use per classroom in Figure 5.10, the decentralised
packages perform the best in terms of nett energy use. All these three packages
require not more than twice the energy use of the base case. The desert cooler and
the ESP, both package 2 and 3, use relatively little energy (respectively 11% and
17%). Additionally, activating the window purifying ventilator during all occupancy
hours versus activating them only when the windows are open during occupancy
leads to a 2.6 fold increase in energy demand for the ventilators only. In package 3,
80% of the total energy demand is generated by PV and therefore reduces the nett
energy use to roughly 310 kWh.
Package 4 shows how effective the AHU can supply filtered air, while comparing the
fan energy use towards the ventilator energy use in remaining packages. However,
the cooling coil in the AHU uses more than half of the total energy demand of the
package. Due to the application of PV panels, the netto energy use is reduced by
40% as this energy is sustainably generated onsite.

Figure 5.10: Total energy use for the two classrooms

5.2.4 Costs

Figures 5.11 and 5.12 show the investment, operating, and extra maintenance costs
of the base case and all four packages. The investment costs of the ESP device and
PV panels are the highest. As package 3 has both, the investment is least favourable
compared to the other packages. Package 1 has neither and therefore scores the best.
However, regarding the PV investment, project manager D. Bhattacharya indicated
a Pay Back Period (PBP) of 5-7 years. Meaning package 3 and 4 might score better
on the longer run.
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Figure 5.11: Total investment costs for the two classrooms, expressed in INR

As package 3 is most energy self-sufficing, this package is the best in terms of oper-
ating costs having 50% reduction compared to the base case. The operating costs
of package 4 are almost 3 times as high as the base case. While package 1 and 2
respectively have 40% and 65% increase in operating costs.
Packages 1, 2, and 3 require most extra maintenance, depending on the cleaning and
replacing of the window purifying filters. Package 1 is equipped with only 9 ven-
tilators, whereas package 2 and 3 are equipped with 11 ventilators. The difference
between package 2 and 3 is that the ventilators are always on in package 3, while in
package 2 the ventilators are only activated when the windows are closed. Therefore,
it is expected that the filters in packages 3 need more maintenance.

Figure 5.12: Total annual costs for the two classroom, expressed in INR

The TCO of various time frames is presented in Figure 5.13. Package 3 seems to
be financially more affordable on the longer term than package 2 and 4. Though,
package 1 continuously has the lowest TCO of all packages.
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Figure 5.13: Total costs over ownership for several time spans, expressed in INR

5.2.5 Multi criteria analysis

Based on the MCA analysis the standardised scores per criteria are presented in
Table 5.3. The weighing per category is given in the final column. Compared to
the base case it is clear that all package are improving the IC. Though, in terms of
energy and finance overall the packages score lower.

Table 5.3: Standardised MCA scores

Criteria Base Package Package Package Package Weighing

1 2 3 4

Thermal comfort 22.5

Under heating 0 0.42 1 0 0.07 10

Overheating 0 0.15 0.95 1 1 12.5

Indoor air quality 32.5

CO2 0 0.68 1 0 0.79 12.5

PM2.5 0 0.34 0.59 0.7 1 20

Energy 25

Electricity 0.8 0.59 0.47 1 0 20

Financial 20

Investment 1 0.68 0.34 0 0.39 7.5

Maintenance 1 0.51 0.26 0 0.53 5

TCO 1 0.46 0 0.16 0.01 12.5
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Turning points

Table 5.4 shows the turning points for this MCA. Seemingly the weighing is not that
sensitive, meaning the outcome of the MCA is rather reliable. The rating system
seems to give a proper indication of the package rating. However, since no further
financial benefits are explored, this criteria does not cover sufficient financial scope.
For example, investing in PV panels in India has often a PBP of 5-7 years. Therefore,
package 3 and 4 are both somewhat underexposed. Similarly, the Indian government
would benefit extra from the improved IC on societal scale, as it indirectly might
reduce health costs and improve the education in the country. In addition, for a
government aided school, whom partly request a student fee, the IC improvements
can be adopted into the school fee, making the investment more lucrative.

Table 5.4: Established turning points

Criteria Original positive negative

weighing factor turning point turning point

Under heating 10 +424.5 -

Overheating 12.5 +13.6 -9.5

CO2 12.5 - -5.8

PM2.5 20 +28.1 -15.3

Electricity 20 +27.9 -

Investment 5 +10.3 -

Maintenance 5 +10.3 -

TCO 15 +27.2 -

Actors

The current weighting were based on the government, whom wants to sustainably
improve the IC. Therefore, the IC parameters are assumed to be the most important
criteria. Though, the school board might think the costs are more important while
redesigning their school. The different views of the actors result in different final
rankings as presented in Table 5.5.

Table 5.5: MCA ranking

Actor Base Package 1 Package 2 Package 3 Package 4

Government 4 2 1 3 5

School board 1 2 4 3 5
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5.2.6 Decision matrix

The final decision matrix is presented in Table 5.6. This matrix can help the gov-
ernment or a school principal to decide which package is most convenient for them.
Package 2 visibly scores many points on all indicators, due to good indoor climate
along with little costs and the slightest energy increase. Package 1 is even cheaper.
However, this package is not performing that much better on indoor climate per-
formance. Package 3 has a good indoor climate and energy performance, while the
investment and maintenance costs are the highest. From sustainability point of view,
this package performs the best as the netto energy use is less than the base case due
to use of solar PV. Though, Package 4 also uses solar PV, the netto energy use is still
higher than all other packages. However, package 4 is the best performing package
with regards to IAQ with minor investment costs involved. From financial point of
view, this package seems rather attractive.

Table 5.6: Decision matrix with star rating varying from 0-4 stars

Criteria Package 1 Package 2 Package 3 Package 4

Under heating ? ? ? ?

Overheating ? ? ? ? ? ? ?? ? ? ??

CO2 ?? ?? ?? ??

PM2.5 ?? ?? ? ? ??

Electricity ?? ?? ? ? ?

Investment e eee eeee eee

TCO e eeee ee eeee

5.3 Conclusion

Reassessing the packages and their performances there are a few valuable conclusions.
In terms of passive cooling, the package 1 showed that shading helps reducing the
solar load in summer. Simultaneously, during winter the solar load can effectively
be used to warm the classrooms. Especially the classroom at the first floor seems
to benefit from this. However, as in each package mechanical ventilation is added
in winter the cold incoming air retains the under heating hours. The application of
heat recovery should be able to eliminate the remaining under heating hours.
In terms of active cooling, package 2 and 3 both showed the high cooling and energy
efficiency of DEC. Though, the effect on microbiological growth is not assessed. It
should be verified that the use of DEC is not causing any new health risks. On the
contrary, the cooling coil in the AHU can certainly eliminate the overheating hours
without introducing any humidity related health risk. However, the cooling coil is
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rather energy inefficient. Another interesting cooling application without affecting
the humidity levels would be radiative cooling. However, it is unclear whether this
technique is affordable.

In order to reach the WHO limits for PM2.5 the only option is to have a multi-
ple stage filtering system. While warding the outdoor pollution, we want to filter the
least amount of air. The more air needs to be filtered, the higher the energy demand
will be and the more a filter needs to be replaced. However, the CO2 concentration
need to be restrained. Therefore, the filtered air is highly depending on the indoor
CO2 sources and the CO2 limit.
Considering the feasibility, this research used the ISHRAE class C as CO2 concen-
tration limit. However, with regards to the children’s health ISHRAE class A would
be better. This would implicate an extra energy demand and higher maintenance
costs (filter replacement).

The energy use of all decentralised solutions are most favourable. Mainly, this is
caused by the extreme energy demand of the cooling coil in the AHU. When com-
paring package 2 with package 3 it seems even possible to achieve zero on the meter
if the window purifying ventilator would only be running in winter. Though this
change would be at cost of the IAQ in terms of PM2.5 exposure.

The high investment costs for package 2, 3, and is mainly caused by the applica-
tion of an ESP device and/or solar PV. As package 3 has both, its investment costs
is the highest threshold of all packages. Though package 2 and 4 have higher total
maintenance and operating costs. This is reflected in the TCO. Whereas, package
3 outperforms package 2 and 4. Still package 1 is continuously the most feasible
solution, both in terms of investment costs and TCO.

Though, when resuming all performances it shows that the financially most feasi-
ble solution has the least affect on the IQ. Therefore, package 1 is insufficient for
the stated research objective to develop generic sustainable improvement packages
to improve the IC. Additionally, package 4 scores the best on healthy IC in respect
to the PM2.5. Though on the longer term it is financially most infeasible and least
sustainable as the energy use is much higher than the other packages. Package 2
unambiguously was rated first in the MCA. This is mainly caused by the fact that
this package scores points on all criteria, especially on the under heating hours. On
the longer term package 3 is more sustainable and financially rather feasible, apart
from the under heating hours package 3 would best suite the research objective.
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Chapter 6

Discussion

This research consisted of five phases. After the preparation phase, field work was
executed to identify the current situation and IC problems in five naturally ventilated
schools in Delhi. Due to this field study we were able to define what a typical
(naturally ventilated) classroom in Delhi looks like, which was translated into a
TRNSYS model in the third research phase. Next, in phase four, the TRNSYS
model was used as a test environment to analyse various unilateral interventions
to improve the IC. Finally, in phase five, these interventions were combined into 4
different packages. Additionally, these packages were assessed via the KPIs: IAQ,
thermal comfort, energy use, and (financial) feasibility. This chapter discusses the
field work, the simulations, and the results based on these KPIs.

6.1 IAQ and thermal comfort

Based on the field study, several assumptions had to be made in the simulation model
upon the use of fans, windows, and ACH rates, depending on summer or winter con-
ditions. Additionally, these assumptions were simplified by using time constants.
Though, in reality the wind pressures around the building and occupancy patterns
are fluctuating, which affects the indoor climate. This sensitivity is mainly caused
by the occupant, which acts as a source of heat and CO2 in a classroom. Therefore,
this research could only indicate the mean IC performance of a standard classroom.

Due to the open structure (no window panes) and the high ACH rates, the mea-
sured I/OPM2.5 ratio was roughly 1.0. However, while sealing the façade the particle
behaviour might change, as the PM2.5 infiltration factor can be affected by the pene-
tration factor, ACH rate and deposition rate [42]. Therefore, the deposition rate and
penetration factor should be considered within a more detailed PM2.5 calculation.
However, as the amount of filtered air is increased within the proposed improvements,
the deposition rate and penetration factor might affect the PM2.5 calculation less.
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The Indian ATC model for naturally ventilated is continuously applied to evalu-
ate the thermal comfort. Though, while adding active cooling and/or ventilation the
perception of the occupant might change. Normally, this is approached via the ATC
model for mixed mode conditions. However, in this research we assume that the cur-
rent occupants are not used to conditioned spaces at home. Therefore, the occupant
is expected to be physiological adapted to the extreme outdoor condition. Since a
thermal shock is unfavourable, the use of the ATC model for naturally ventilated
buildings seems logical.

6.2 Energy use and feasibility

The current research ignored the water usage, as the water system is slightly more
complicated than we are used to in Europe. Namely, in India each building has its
own water tank, which is daily replenished in the morning when the water pressure
of the water supply is sufficient. Therefore, the price per litre water is varying de-
pending on the tank size and total water demand. Still in terms of electricity use
the approximation sufficiently indicates the order of magnitude to compare the im-
provement packages.

When assessing the costs involved with each solution, the information sources were
frugal. Especially the maintenance costs were based on well educated guesses in
consultation with project manager D. Bhattacharya and engineer F. Imroz Khan.
These would need to be verified by e.g. consulting various tenders and school facility
managers. Currently, this rough estimation is translated into final ranking.

6.3 Limitations

The TRNSYS base model could only be roughly validated, as the measurements were
too short to use for a accurate validation study. Simultaneously, we were unable to
get the weather data concerning the specific time of measuring. Therefore, the model
could only be verified by comparing the modelled results (TMY climate file) with
a 2-days measurement. Additionally, the simulated climate file ignores the urban
heat island effect. Therefore, in reality it can be that the thermal performance of a
classroom is even warmer than estimated.

The current model simplifies the IC and tries to indicate the worst case scenario.
As the current research only intended to compare the improvement package perfor-
mances in order of magnitude, a more detailed study was unnecessary. Though, the
assumptions within current approach could be verified and validated by e.g. collect-
ing more extensive long-term measurement during various seasons.
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Chapter 7

Conclusion

This chapter provides the overall conclusion of the research. The main objective of
the project was to develop generic sustainable improvement packages for a typical,
naturally ventilated classroom in Delhi to improve the IC.

To come to these packages, the first two steps were creating better understanding
of the current conditions and problems via literature and field study. The next step
was translating the collected data into a TRNSYS model to represent a standard
(naturally ventilated) classroom in Delhi. In step four, this model was used as a test
environment to experiment with various unilateral interventions to improve the IC
either passively or actively. In the final step, the packages were defined and assessed
within the TRNSYS model. This assessment evaluated the packages based on the
KPI’s: IAQ (CO2 and PM2.5), thermal comfort (under- and overheating), energy
use, and financial feasibility (investment and TCO).

Indirect from the literature and field study findings, seasonal IC problems were spot-
ted. During winter, the under heating hours are caused by to relatively high heat
losses as the façade is uninsulated. Simultaneously, the cold infiltrating air causes
thermal discomfort in winter. Additionally, the estimated lack of fresh air results
in CO2 exceeding hours. Still each hour the outdoor hazardous pollutants are fully
penetrating into the indoor environment (above 100 µg/m3).
In mid-season, indicative ACH rate just suffices to keep the CO2 concentration within
the limit, meaning the smallest decrease in ventilation leads to CO2 exceedence hours.
In summer Top is almost all the time above the neutral temperature. Especially, the
classroom on the first floor is extra hot due to the additional solar load coming from
the roof. There is no risk for exceeding CO2 concentration, while the natural venti-
lation rates easily reaches 19 [1/h]. Additionally, the outdoor PM2.5 concentration
is usually below 100 µg/m3.
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From the collected data, the investigated classroom (2D) best represented a standard
naturally ventilated classroom in Delhi. Therefore, the TRNSYS base model used
this room as a reference. The base model behaved in line with the previously de-
scribed findings, though absolute agreement is not completely achieved. As expected
the ground floor classroom stays cooler during summer and warmer during winter,
compared to the first floor classroom, while they have similar CO2 profiles.

The test with the unilateral interventions showed that the nested problems are not
simply resolved by one intervention. For example, to discard the CO2 exceedence
hours, the ventilation rate should be increased in winter. However, this also increases
the under heating hours. Additionally, it is impossible to eliminate the overheating
hours fully passively. Similarly, PM2.5 exposure can only be reduced while actively
filtering the indoor air or incoming outdoor air.

Eventually, 4 packages were defined to improve the IC, which were varying in level
of advanced technology, control level and sustainability. Each package is designed to
be easily scalable in terms if feasibility. Package 1 is decentralized low-tech (re-use
window frames with integrated window purifying filters), package 2 is decentral-
ized high-tech (additional ESP device and desert cooler), package 3 decentralized
high-tech with renewable energy (additional ESP device, desert cooler and PV), and
package 4 is centralized high-tech with renewable energy (AHU and PV).
The packages are rated based on the KPI’s as given in Table 7.1. In terms of PM2.5,
package 4 is the only one to meet the WHO limit. However, in terms of most sus-
tainable IC improvements, package 3 best suits the research objective. Though, for
thermal comfort it induces extra under heating hours (represented by zero stars).
This under heating might be resolved by integrating heat recovery into the ventila-
tion system. In terms of financial feasibility the investment costs are the highest,
which makes the package unattractive for a school board. Therefore, it is important
to explain that the TCO on the longer term is expected to be more lucrative.

Table 7.1: Decision matrix with rating varying from bad to excellent

Criteria Package 1 Package 2 Package 3 Package 4

Under heating ? ? ? ?

Overheating ? ? ? ? ? ? ?? ? ? ??

CO2 ?? ?? ?? ??

PM2.5 ?? ?? ? ? ??

Electricity ?? ?? ? ? ?

Investment e eee eeee eee

TCO e eeee ee eeee
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Chapter 8

Recommendations

This chapter provides some recommendations for future research. Firstly, it would
be interesting to further investigate the social benefits of the improved IC. What
is the added (end) value for the Indian society? For example, to what extend can
it reduce the health costs, or improve the educational system? Eventually, it would
be interesting to address this by calculating the pay back period for the Indian society.

If the improvements are proven lucrative, it is interesting to further optimize the
model. Therefore, the assumption should be verified as discussed in Chapter 6.
Particularly, accurate data on the different seasons is necessary to improve the as-
sumptions especially in terms of ACH rates and occupancy (behaviour).

Next, the package can be further optimized by e.g., integrating PV into the solar
shading or overhang. In addition, it would be interesting to investigate the poten-
tial of radiative cooling and nocturnal cooling [35, 43]. Moreover, in India we see
a growing interest in green roofs. Therefore, the potential of green roofs on schools
should be investigated. Especially in comparison to rooftop solar PV or maybe a
combination of PV and green roofs. Note, a limiting factor for green roofs would be
the water scarcity in dry season.
Subsequently, it is relevant to investigate the effectiveness and feasibility of the win-
dow purifying ventilator. For example, can its filters be made on affordable basis? Is
it possible to develop a 2 stage window purifying ventilator (coarse and fine filter)?
Can an app help indicating whether a filter needs to be replaced?

Finally, when the packages are optimized and proven to be both financially and
socially beneficial, it is interesting to develop a business case and execute a pilot
project in one school. Not only would it be interesting to collect real-time data to
verify the IC performances before and after the interventions, it should also indicate
any change in behaviour and satisfaction related to the adaptive behaviour.
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Appendix A

Field study

The selected schools vary in location and environment, from green to industrial
area, in highly populated to open areas in Delhi territory. In total 5 schools were
arranged, of which the first two were government aided. These schools were arranged
by Santrupti’s executive director via a governmental cooperation. The third and
fourth government school were arranged via an architecture student whom was the
son of the school principal. The fifth school was rather special as it was part of
the SOS community for foster children. This visit was arranged via architect Ashok
B Lall. Finally, the audit of an highly exclusive private school was attended via
Santrupti. Hence, there was not really an option to select the schools freely. Though
the schools varied to such an extend that the field study sufficiently indicated the
broad scope of school buildings in Delhi. Overall, within the classroom there were
many similarities regarding façade, lay-out, occupancy behaviour, etc.
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A.1 Worksheets

Evaluation form

Characteristics

Character Check

School

Construction year

Building layer

Amount of occupants

Construction material

Windows and opening

Air conditioning

Mechanical ventilation

Photos
When visiting a school the floor plan needs to be sketched and the inspected class-
room should be marked. Subsequently, the following photo’s need to be taken:

� Outdoor situation

� Outer facade

� Inner facade

� Classroom

� Windows

� Energy consumption (lighting, cooling, heating, etc.)

� Ventilation/cooling/heating

Comments

Questionnaires
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Indoor Environmental Quality User 

This Indoor Environmental Quality User Survey generates feedback on the performance of 
buildings from the user's perspective. This survey focuses on five aspects of Indoor 
Environmental Quality: Thermal Comfort, Indoor Air Quality, Acoustical Conditions, Lighting 
Conditions, and Health Symptoms. While completing this survey, it is essential that the 
respondent recalls adequate feedback on their regular working environment. 

Confidentiality towards every respondent’s identity and response will be strictly maintained 
and occupant’s involvement is anonymous. Any information, including results, may be shared 
with parties other than the researchers on this project. However your information will be 
completely and permanently de-identified. It will take less than ten minutes to complete this 
survey. Participation to this questionnaire is free. For any uncertainties, please contact Jill 
Vervoort (researcher) +91 9599 356825. 

 

Participant consent 

By continuing on to the survey, I confirm that I have read the information above and I have 
been given the opportunity to discuss my involvement in the survey. I understand that being 
in this study is completely voluntary and I am not under any obligation to consent. I 
understand that any research data gathered from the results of the study may be shared and 
published, however no information about me will be used in any way that is identifiable. 

1.0 Personal 
1.1 What age group do you teach? 
1.2 How many children are there normally in your classroom? 
1.3 On average, how many hours a week do you spend in this school? 
1.4 How long have you been working in this school? 
1.5 On what side of the building do you usually work? 

Roadside / Courtyard side / Otherwise 
1.6 What is your gender?  Male / Female 
1.7 What is your age?  35 or younger / 36 till 50 / 51 or older 

2.0 Thermal comfort 
The following questions are about your experience in your classroom this WEEK. 
 
2.1 Please rate your satisfaction with the temperature in your classroom. 

Very 
dissatisfied 

Dissatisfied Little 
dissatisfied 

Neutral Little 
satisfied 

Satisfied Very 
satisfied 

⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

2.2 In case you scored neutral or worse, please explain why: 
 



 
 

2.3 Please rate your satisfaction with the air movement available in your 
classroom. 

Very 
dissatisfied 

Dissatisfied Little 
dissatisfied 

Neutral Little 
satisfied 

Satisfied Very 
satisfied 

⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 
 

2.4 Please rate your satisfaction with the humidity in your classroom. 
Very 

dissatisfied 
Dissatisfied Little 

dissatisfied 
Neutral Little 

satisfied 
Satisfied Very 

satisfied 
⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

2.5 Please rate your thermal sensation in your classroom. 
Cold Cool Slightly 

cool 
Neutral  Slightly 

warm 
Warm Hot 

⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

 
The following questions are about your general experience in you classroom 
throughout the YEAR. 
 

2.6 Are you able to make adjustments that can affect the temperature in the 
classroom when it is too hot or too cold? Please explain: 
Yes / No 
 

2.7 Please describe any other remarks you have about the temperature (e.g. 
situation during other seasons): 
 
 

3.0 Indoor Air Quality 
The following questions are about your experience in your classroom this WEEK. 
 
3.1 Please rate your satisfaction with the air quality in your classroom (e.g. 

moisture, smells, air cleanliness and freshness). 
Very 

dissatisfied 
Dissatisfied Little 

dissatisfied 
Neutral Little 

satisfied 
Satisfied Very 

satisfied 
⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

3.2 In case you scored neutral or worse, please explain why: 
 
 

The following questions are about your general experience in you classroom 
throughout the YEAR. 



3.3 Are you able to make adjustments that can affect the classroom air quality / 
ventilation when it gets bad? Please, explain: 
Yes / No, 
 

3.4 Please describe any other remarks you have  about the air quality/ ventilation 
in your classroom (e.g. situation during other seasons): 

 
 

4.0 Acoustical Conditions 
The following questions are about your general experience in your classroom 
throughout the YEAR. 

 

4.1 Please rate your satisfaction with the noise disturbances affecting your 
classroom. 

Very 
dissatisfied 

Dissatisfied Little 
dissatisfied 

Neutral Little 
satisfied 

Satisfied Very 
satisfied 

⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

4.2 In case you scored neutral or worse, please explain why: 
 
 
4.3 Please describe any other remarks you have  about the noise situation in your 

classroom (e.g. traffic noise): 
 
 

5.0 Lighting Conditions 

The following questions are about your general experience in your classroom 
throughout the YEAR. 
 
5.1 Please rate your satisfaction with the lighting in your classroom (e.g., bright 

light, daylight availability, electric lighting availability, disturbing glares, light 
reflections on blackboard). 

Very 
dissatisfied 

Dissatisfied Little 
dissatisfied 

Neutral Little 
satisfied 

Satisfied Very 
satisfied 

⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

5.2 In case you scored neutral or worse, please explain why: 
 
 

5.3 Are you able to improve the lighting situation when needed? Please explain: 
Yes / No,  



 
5.4 Please rate your satisfaction with the view of natural surroundings from your 

classroom. 
Very 

dissatisfied 
Dissatisfied Little 

dissatisfied 
Neutral Little 

satisfied 
Satisfied Very 

satisfied 
⎕ ⎕ ⎕ ⎕ ⎕ ⎕ ⎕ 

 

6.0 Health symptoms 
The following questions are about your health due to the internal temperature and 
air quality inside the school building, during the entire year. 
 
Please indicate what applies to you: 
6.1 Headache or heavy head     Yes / No 
6.2 Unusual tiredness      Yes / No 
6.3 Dry or irritated eyes      Yes / No 
6.4 Dry or sore throat      Yes / No 
6.5 Congested nose, runny nose, or frequent sneezing  Yes / No 
6.6 Do you have (other) health symptoms that you believe are related to the 

indoor environment of the classroom? Please describe: 
 
 

Do you have any other remarks related to this survey? If so, please describe: 



Measurement logging template

Figure A.1: Template for manually logging per classroom

A.2 Measurement equipment

In total the following parameters are measured: air temperature, surface temper-
ature, air velocity, relative humidity, CO2 level, and PM2.5 concentration. The
equipment was selected to be handy, compact, and reliable. Further specifications of
the equipment are given in Table A.1-A.5.

1. AZ 7755 (T,RH, and CO2 meter)

Table A.1: AZ 7755 measurement specifications

Devices Range Accuracy

T sensor −10 ∼ 60ºC ±0.6ºC

CO2 sensor 0 ∼ 9999ppm ±50ppm+ 5% of reading (0-2000ppm)

RH sensor 0.1% ∼ 99.9% ±3%RH(at25ºC,10 ∼ 90%RH
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2. Hot Wire Anemometer

Table A.2: Hot Wire Anemometer measurement specifications

Devices Range Accuracy

Velocity sensor 0.2 ∼ 20.0m/s high precision for low air velocity
measurement, Telescope probe

3. Eltek GW-47 T/RV/CO2 transmitter The Eltek transmitters is logged
with the Eltek Squirrel 1000 series.

Table A.3: Eltek GW-47 T/RV/CO2 transmitter specifications

Devices Range Accuracy

T sensor 5 ∼ 45ºC ± 0.4ºC

RH sensor 0% ∼ 100% ± 2%

CO2 sensor 0 ∼ 5000ppm ± (50ppm + 2% of measured value)

4. Rave

Table A.4: Rave measurement specifications

Devices Range Accuracy

T sensor 0 ∼ 50ºC 0.1 ºC

RH sensor 5% ∼ 95% 1% R.H

PM2.5 0 ∼ 700ug/m3 -

PM10 0 ∼ 1, 000ug/m3 -

5. Dylos1700

Table A.5: Dylos1700 measurement specifications

Devices Range

PM2.5 0 ∼ 2.5um

PM10 2.5 ∼ 10um
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Appendix B

Data analysis

This chapter provides a brief overview of the performed measurement study at 5
schools in New Delhi. All five schools are individually described and analysed. Fi-
nally, most critical problems and its general building performance are identified in the
overall conclusion (Section B.2). Each school varied in layout, location (Figure B.1),
and construction year.

Figure B.1: Google maps locations of the five schools,
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B.1 Evaluation

School 1

The first school is a rather new school
situated close to Ghaziabad in a
relatively green area. The school consists
of two courtyards and is four storeys high
(Figure B.2). Major part of the
classrooms are located at the most
southern courtyard. In total 5
measurement have been performed within
the school, the classrooms are labelled
from 1A - 1E with physical properties as
presented in Table B.1.

Figure B.2: Courtyard picture of school 1
taken from first floor, north west corner

Table B.1: Physical properties of school 1

Classroom 1.A 1.B 1.C 1.D 1.E

Length 10 10 10 10 10

Width 6.7 6.7 6.7 6.7 6.7

Height 3.5 3.5 3.5 3.5 3.5

Volume 234.5 234.5 234.5 234.5 234.5

Elevation GF GF 1st F 2nd F 3th F

Wall thickness 0.5 0.5 0.5 0.5 0.5

Hall Courtyard Courtyard Courtyard Courtyard Courtyard

Construction year 2011 2011 2011 2011 2011

People 56 56 28 26 45

Windows 5 5 5 5 3

Window surface 7.5 7.5 7.5 7.5 2.9

Window pane None None None None None

Doors 2 steel 2 steel 2 steel 2 steel 2 steel

Door surface 5.8 5.8 5.8 5.8 5.8

Fans 6 6 6 6 6

Lighting 4 bulbs 4 bulbs 4 bulbs 4 bulbs 4 bulbs

Power plugs 0 0 0 0 0
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Results

In classroom 1.A a measurement of 2.5 days is executed. This classroom is located
on the ground floor (GF) at the west side of the courtyard. In Figure B.3 it is shown
that the indoor and outdoor temperature are rather similar. The indoor temperature
deviates +/- 1 �from the outdoor temperature.

Figure B.3: Temperature graph classroom 1A

The relative humidity follows a counteracting pattern in relation to the temperature
day pattern, see Figure B.4. During the day when the air is warmer and is able to
contain more humidity, the relative humidity decreases. Vice versa during the night
the temperature drops, and the air can contain less humidity causing higher relative
humidity. However, while reviewing the dew point temperature in Figure B.5, it
seems that the amount of humidity increases outdoors during the night.
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Figure B.4: classroom 1A

Figure B.5: classroom 1A

Figure B.6 and B.7 are presenting the air quality data. As shown, the CO2 concen-
tration is just above the outdoor concentrations and never raises above 800 pmm in
measured conditions. Simultaneously, the PM2.5 concentrations are almost equal to
the outdoor concentrations. Meaning at hazardous days, the PM2.5 levels are about
as hazardous as outdoors.
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Figure B.6: classroom 1A

Figure B.7: classroom 1A

The measurements in classrooms 1.B - 1.E took each 1,5 hour. Class 1.B and 1.C are
located at the east side, 1.D at the west side and 1.E at the south side. Additionally,
Class 1.B is located at GF, 1.C at 1st floor, 1.D at 2nd floor, and 1.E at 3rd Floor.
Class 1.B and 1.D are only measured with the ambient air monitor while 1.C and 1.E
are measured both manually and by the monitors. Table B.2 shows an overview of
the average measured temperatures, CO2 concentrations, and PM2.5 concentrations
at the average time (tave). On average the indoor to outdoor (I/O) ratio PM2.5 in
school 1 is about 1,03.
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Table B.2: Averaged measured classroom performances in school 1

Classroom 1.B 1.C 1.D 1.E
Monitor Manual Monitor Monitor Manual Monitor

tave [�] 10:09 10:20 10:16 11:30 11:45 11:35

Tout [�] 31.2 - 31.3 31.8 32.9 31.8

Tin [�] 31.7 31.8 31.9 32 33.2 33

Tdiff [�] 0.5 - 0.5 0.2 0.4 1.2

Td,out [�] 22.6 - 22.2 21.7 21.3 24.5

Td,in [�] 23.8 22.4 23.1 22.5 22.3 23.2

Td,diff [�] 1.2 - 0.9 0.9 0.9 1.7

CO2,out [ppm] - - - - 517 -

CO2,in [ppm] - 609 - - 639 -

CO2,diff [ppm] - - - - 122 -

PM2.5,out [µg/m2] 47 40 44 25.6 28 25.7

PM2.5,in [µg/m2] 47.2 42.3 41.9 28 28.6 27.1

I/OPM2.5 [-] 1.01 1.06 0.96 1.1 1.02 1.06

Ts [�] - 31.8 - - 32.8 -

v [m/s] - 0.5 - - 0.5 -

Conclusions

The outdoor temperature slightly increases during the morning due to diurnal solar
characteristics. This diurnal pattern is also visual with the outdoor air pollution
PM2.5. Hence, the ground is heated, resulting in a thermal force that causes the
polluted air to rise. Additionally, the early morning traffic peak makes the morning
air approximately the most polluted during the day.

All classrooms are accessed via an open hallway at the courtyard side. Since the
windows are without glazing, cross-ventilation results in an IAQ with CO2 levels
just above outdoor conditions as well as the PM2.5 concentration. Difference is that
in practice there is no fine particulate matter source within te classroom, in contrary
to the CO2 production of the students.

Additionally, it is shown that classroom 1.C and 1.D with less students has rel-
atively lower dew point temperature. This is related to the moisture production
of each occupant. Biggest part of the produced moist is ventilated, depending on
the outdoor moisture content. For example, the humidity during the evening the
outdoor dew point temperature increases rapidly meaning the moisture content is
relatively increasing. During the day the opposite happens, while the outdoor dew
point temperature decreases.
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School 2

The second school is also located a bit towards Ghaziabad only a bit closer east from
old Delhi. The school is situated rather close to the highway, railway, and metro line.
Additionally, the school is surrounded by small steel construction garages and little
green. The school consists of three different buildings of about 50, 20, and 1-year old.
The 20-year old building has a L-shape (Figure B.8a), while the 1-year old building
is constructed onto the 50-year old building as a T-shape (Figure B.8b). In total 6
measurements have been performed within the school, the classrooms are labelled
from 2.A - 1.F with physical properties as presented in Table B.3.

Table B.3: Physical properties of school 2

Classroom 2.A 2.B 2.C 2.D 2.E 2.F

Length 8.1 6.2 7.9 7 7 6.2

Width 4.9 6.4 5.5 5.5 5.2 6.4

Height 4 3.4 3.2 3.2 3.2 3.4

Volume 158.8 133.8 139 123.2 116.5 133.8

Elevation GF 1st F GF 1st F GF GF

Wall thickness 0.4 0.45 0.4 0.4 0.4 0.45

Hall Semi-open Open Semi-open Open Open Open

Construction year 1967 2016 1967 1997 1997 2016

People 22 43 36 42 40 37

Windows 4 5 6 3 3 5

Window surface 4 6.7 5 3.4 3.4 6.7

Window pane None Glass None None None Glass

Doors 1 wood 1 wood 1 wood 1 steel 1 steel 1 wood

Door surface 2.3 2.3 2.3 2.3 2.3 2.3

Fans 4 5 4 4 4 5

Lighting 2 TL 8 TL 4 TL 2 TL 2 TL 8 TL

Power plugs 3 3 0 0 0 3
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(a) (b)

Figure B.8: School 2 (a) 20 year old building, (b) 1 year old building with 50 year
old building in the back

Results

In classroom 2.A a measurement of 2.5 days is executed. This classroom is located
on the GF at the north-side of the 50-year old building. The room is accessed by a
semi-open hallway and is therefore fairly good protected from the solar load by its
enclosing. Behind this building, an open steel construction side was situated. The
first monitor and Eltek sensor was installed in the classroom, while the other Eltek
was installed on the semi-closed hallway and the second monitor outdoors. The
Even though the outdoor temperature rapidly increases, the indoor temperature
almost never exceeds 33�, as shown in Figure B.3. Note that during the winter this
classroom will probably be too cold for educational purposes.

Figure B.9: Temperature graph classroom 2A

Figure B.10 shows that the relative humidity is higher during night. The I/O ra-
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tio in Figure B.12 shows the relative increase in relative humidity during the day.
The higher night dew point temperature in Figure B.11 indicates that the moisture
content both indoors and outdoors is lower during night.

Figure B.10: Relative humidity graph classroom 2A

Figure B.11: Dew point temperature graph classroom 2A

As well from the temperature I/O ratio in Figure B.12 follows that the room stays
slightly cooler during the day with a ratio of 0.9. Regarding the air quality measure-
ments, the PM2.5 measurements failed. The CO2 measurements as measured in the
classroom and in the semi-closed hallway are shown in Figure B.13. Seemingly, their
is a higher CO2 built up in the hallway compared to the classroom. However, the
CO2 levels are highly acceptable.
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Figure B.12: Temperature and relative humidity I/O ratio graph classroom 2A

Figure B.13: Carbon dioxide concentration graph classroom 2A

Figure B.14: Carbon dioxide I/O ratio graph classroom 2A
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The measurements in classrooms 2.B - 2.E took each 1,5 hour, while in 2.F it took 2
hours. The classes 2.B (1st floor) and 2.F (ground floor) are located in the 1-year old
building mostly oriented on the east. Class 2.C is located on the ground floor rather
in the middle of the 50-year old building on the ground floor surrounded by a lot
of hallways. Class 2.D (ground floor) and 2.E (top floor) are located in the 20-year
old building south oriented. Class 2.C and 2.E are only measured with the ambient
air monitors. Class 2.B, 2.D, and 2.F are also measured manually. Table B.4 shows
an overview of the average measured temperatures, CO2 concentrations, and PM2.5

concentrations at the average time (tave). On average the I/O ratio PM2.5 in school
1 is about 0,99.

Within classroom 2B in the new building the natural ventilation roughly accounts
33 [1/h], while for classroom 2.D this is approximately 25 [1/h] given the properties
presented in Table B.3. Note, class 2.F is measured two weeks after the first visit.
During this last visit a small experiment with the indoor CO2 concentration took
place by closing doors and windows for as presented in Figure B.15. During this
experiment the CO2 concentration rapidly increased to 900 ppm were it stopped
increasing. Meaning that the equilibrium is reached, which corresponds to a air
exchange rate of 8.5 [1/h]. Within 10 minutes the indoor CO2 concentration went
back to its equilibrium again around 50 to 100 ppm above ambient level. Which was
roughly 33 [1/h].

Figure B.15: Carbon dioxide concentration graph classroom 2F
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Table B.4: Averaged measured classroom performances in school 2

Classroom 2.B 2.C 2.D 2.E 2.F
Manual Monitor Monitor Manual Monitor Monitor Manual

tave [�] 09:55 09:48 09:48 11:30 11:31 11:33 10:40

Tout [�] 32.8 34.3 34.3 34 34.9 35.6 32.2

Tin [�] 32.9 32.8 31.9 33.4 33.4 33.3 31.3

Tdiff [�] 0.1 -1.6 -2.5 -0.6 -1.6 -2.3 -0.9

Td,out [�] 26.1 24.7 24.7 23.9 24.4 24.2 23.8

Td,in [�] 26.2 26.3 25.3 24.4 24.8 24 23.8

Td,diff [�] 0.1 1.5 0.6 0.5 0.4 -0.2 0

CO2,out 880 - - 649 - - 532
[ppm] - - - -

CO2,in 961 - - 787 - - 711
[ppm] - - - -

CO2,diff 81 - - 139 - - 179
[ppm] - - - -

PM2.5,out - 81 83 83 96 93 158
[µg/m2] -

PM2.5,in - 87 88 87 87 86 145
[µg/m2] -

I/OPM2.5 [-] - 1.08 1.07 1.05 0.91 0.92 0.92

Ts [�] 33.5 - - 33.7 - - 31.4

v [m/s] 0.8 - - 0.1 - - 0.5

Conclusions

Due to the rather dark and cool location of the classroom, the indoor temperature
continuously stays underneath the outdoor temperature. During the day their is no
moisture built up. Probably this is due to the low occupancy rate in combination
with big the volumetric size of the classroom. During inspection, the teachers indi-
cated that in winter similar rooms in this 50 year old building on the ground floor are
sensed extra cold. Partly, this might me caused by the open water drain and a big
wash-room within this building layer. Simultaneously, there are spotted some mold
issues in the washing room. It is questionable if this phenomenon is also occurring
with the classrooms.

Since the classrooms have windows without glazing, it can be assumed that the
inside PM2.5 levels are equal to outside. Note, as shown the CO2 in the hallway is
higher than in the classroom. A similar phenomenon could be expected for PM2.5

levels.
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The long measurements were only performed in the old cool building. In the new
building, with glazing and exhaust fan, the CO2 levels kept much more stable and
close to ambient levels. Due to the exhaust fan at the window side, relatively cooler
air from the shadow side was pulled into the classroom. This led to a slightly cooler
temperature compared to outdoors. Also the new classrooms on the ground floor
stay roughly 1 � cooler than on the first floor compared to the outdoor tempera-
ture. Note, the two classroom in the new building where measured at two different
days. Additionally, 5% less children where attending the class during the measure-
ment on the ground floor meaning the internal heat load was lower. Which could
also be the reason for a slightly cooler classroom.

School 3

The third school is located in the west side of Delhi in Janakpuri-west. The school
is situated in a growing district. The school is surrounded by some minor roads and
few semi-high residential buildings. The school construction was recently completed.
Therefore, the furniture was not yet delivered at school and children were sitting on
the floor. Again the school had a courtyard lay-out, with all administration rooms
situated in the north part of the building (Figure B.16). There are no measurements
performed in this school. The building is 4 storeys high, with rather square like
classrooms. Unfortunately, due to time constraints of the visit no measurements
could be performed.
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Table B.5: Physical properties of school 3

Classroom 3.A

Length 5.6

Width 5.6

Height 3.6

Volume 112.9

Elevation 1st F

Wall thickness 0.4

Hall Courtyard

Construction year 2016

People 21

Windows 4

Window surface 6.3

Window pane Plastic

Doors 1 wood

Door surface 4.4

Fans 4

Lighting 6 TL

Power plugs 1

Figure B.16: Courtyard picture of school
3 from third floor, north side

Conclusions

Due to the big windows in the relatively small classrooms, the rooms seem rather
bright. This is also caused by the still highly reflective white tiles. However, the
semi-transparent plastic panes within the windows reduce the light from entering.
Note, that during the time of visit the windows were open for the occupied class-
rooms. Still the rooms were facilitated with sufficient TL lighting in case of darker
rainy and colder days. The teachers explained that they close the windows in the
cold winter mornings. As soon as the sun is shining on the windows, the windows are
opened in order to heat up the room. Additionally, the teachers requests children to
wear their most warm cloths.

It became clear that the windows in general were not properly closing or even the
window panes were missing. Meaning that the air is easily infiltrating in the rooms.
Additionally, there was no sun shading integrated in the building façade.
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School 4

The fourth school is located close to school 3 in the west part of Delhi, only this time
a bit closer to a bigger road. Though the building surroundings are a bit greener.
The two storeys high building is rougly 5 years old and has an L-shape. Only one
short measurement is performed in classroom labelled as 4.A. This room is situated
at the first floor with a rather south oriented external wall.

Table B.6: Physical properties of school 4

Classroom 4.A

Length 6.6

Width 6

Height 3.4

Volume 134.6

Elevation 1st F

Wall thickness 0.4

Hall open

Construction year 2013

People 35

Windows 4

Window surface 6.8

Window pane Plastic

Doors 1 wood

Door surface 2.3

Fans 4

Lighting 5 TL

Power plugs 1

Table B.7: Averaged measured classroom
performances in school 4

Classroom 4.A
Manual

tave [�] 11:45

Tout [�] 32

Tin [�] 32.4

Tdiff [�] 0.4

Td,out [�] 18.8

Td,in [�] 21.8

Td,diff [�] 3

CO2,out [ppm] 532

CO2,in [ppm] 711

CO2,diff [ppm] 179

PM2.5,out [µg/m2] 47

PM2.5,in [µg/m2] 47

I/OPM2.5 [-] 1

Ts [�] -

v [m/s] -

Results

Only one short measurement of half an hour was quickly performed in classroom 4.A
as shown in Figure B.17. After 5 minutes, the windows and doors were closed for 15
minutes. During this time, the CO2 levels increased from 641 to 1325 ppm. Which
indicates a infiltration rate of roughly 3 [1/h]. However, after opening everything
up within 5 minutes the CO2 levels was back to 641 ppm again. Approximately,
the equilibrium is stated around 100 to 150 ppm above the ambient CO2 level.
This equals a natural ventilation rate of at least 17 [1/h]. The PM2.5 levels are
reducing conform to the outdoor reduction of fine particles. Simultaneously, the
relative humidity increases from roughly 50% to 60%.
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Figure B.17: Carbon dioxide concentration graph classroom 4A

Conclusions

As a result of closing the windows and doors, the CO2 level and the relative humidity
will immediately increase. Especially the increase in humidity results in a thermally
less comfortable situation, based on the experience of the researcher. For the PM2.5

levels the closing of the doors and windows have a minor impact, since the pollution
is already inside. In addition, the outdoor PM2.5 levels were declining simultaneously
with the indoor reduction of fine particles. The most important question related to
this phenomenon is whether the indoor reduction is caused by the inhalation of the
particles or either the less polluted air is infiltrated into the room.

School 5

The last school is located in Faridabad. There are some industrial processes posi-
tioned relatively close to this area. Though, the enclosed environment is rather green.
The 30 year old school is built in the shape of a honeycomb, with all rooms shaped
as a hexagon (Figure B.18). The school consist of a primary and secondary section,
both consisting of two storeys. The main difference is that the primary school is
accessed via an indoor hallway, whereas the secondary school is accessed via a open
hallway. Two rooms in the primary school are measured, both on ground (classroom
5A) and first floor(classroom 5B). Physical and average measured values are given
in Table B.8 and B.9.

Both classrooms had window glazing. Classroom 5A was located on the ground
floor at the north side of the hallway, while classroom 5B was located on the top
floor at the head of the hallway at the east side. Thus, classroom 5B was exposed
to the outdoor climate at the north, east, south, and top of the room. Additionally,
classroom 5B had a non-flat roof. Resulting in a bigger volume compared to class-
room 5A.
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Figure B.18: Picture of school 5 from the first floor, south-east side

Table B.8: Physical properties of school 5

Classroom 5.A 5.B

Length app 7.9 app 7.9

Width 4 4

Height 3.4 3.4

Volume 107.9 119.3

Elevation GF 1st F

Wall thickness 0.5 0.5

Hall Closed Closed

Construction year 1986 1986

People 40 37

Windows 5 5

Window surface 10.8 10.8

Window pane Glass Glass

Doors 1 wood 1 wood

Door surface 3.4 3.4

Fans 4 4

Lighting 5 bulbs 5 bulbs

Power plugs 2 2

Table B.9: Averaged measured classroom
performances in school 5

Classroom 5.A 5.B
Manual Manual

tave [�] 10:50 12:25

Tout [�] 30.8 32.4

Tin [�] 30.7 31.9

Tdiff [�] -0.1 -0.5

Td,out [�] 22.8 21.6

Td,in [�] 24.1 21.1

Td,diff [�] 1.3 -0.4

CO2,out [ppm] 438 434

CO2,in [ppm] 702 569

CO2,diff [ppm] 264 144

PM2.5,out [µg/m2] 161 110

PM2.5,in [µg/m2] 158 109

I/OPM2.5 [-] 0.99 0.99

Ts [�] 30.6 32

v [m/s] 0.3 0.3
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Results

Both classroom were cooler than outdoors. However, classroom 5A was relatively
warmer than classroom 5B when comparing the differences in indoor/outdoor tem-
peratures. Thermally, the main difference was appearing in the indoor humidity. As
in classroom 5A the moisture accumulating in the room, whilst in classroom 5B the
moisture was sufficiently ventilated out of the room. Notable is the relatively warm
surface temperature of the roof ceiling in classroom 5B.
During the measurement in class 5.A the doors and windows were closed for half
an hour, as shown in Figure B.19. The indoor CO2 concentration increased from
751 to 1552 ppm. this is roughly equal to an infiltration rate of 4 [1/h]. Within 10
minutes the CO2 concentration are back to equilibrium again. In this equilibrium
the indoor CO2 concentration is approximately 200 to 250 ppm higher than ambient
level. This equals a natural ventilation rate of at least 18 [1/h]. For classroom 5B
the this equilibrium is around 150 to 200 ppm above ambient level. Which results
in a natural ventilation rate of 24 [1/h]. The I/O ratio of fine particle infiltration
is roughly 0.99 for both classroom. As the indoor PM2.5 concentration are slightly
lower than outdoors.

Figure B.19: Carbon dioxide concentration graph classroom 5A

Conclusions

Counter-intuitive, classroom 5B was relatively cool, even though the solar exposure
is higher. This is explained by the smaller indoor heat source during measuring, big-
ger volume, and relatively lower radiative temperature within the room. Although
the surface temperature of the ceiling of classroom 5B is rather high, due to the
bigger volume the indoor air temperature is less affected by the radiant temperature.
The higher ventilation rate is caused by the cross-ventilation, as classroom 5B has
windows at the north, east, and south façade. This higher ventilation rate also lead
to lower CO2 concentrations.
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Questionnaire results

In total 15 teachers participated in the surveys. The results are presented in in box-
plot in Figure B.20. In the thermal part there were two outliers, which was caused
by one person. Probably this person is used to more conditioned spaces at home.
Additionally, for the IAQ and light environment there were again two outliers, which
were caused by a different person.

At time of measuring it was around 32�, in general 710% of the participants felt
warm , though 80% was satisfied. Notable is the big spreading of humidity satisfac-
tion. Although the participants are generally satisfied, there is a visible spreading
towards dissatisfied. Throughout the year they write to be unsatisfied during the
hot summers (towards 40�) and a couple of teachers write to be cold during winter
(towards 10�). Based on various interviews a annual user pattern was found. In
summer and monsoon all visited schools fully open their façade and run their fans.
Additionally, some schools have decentralized water coolers (evaporative cooling) to
put in the hottest rooms. In wintertime, the doors and shutters in front of the
windows are closed to keep more warmth inside and block part of the cold outdoor
air. However, towards the afternoon when the sun is warm enough the windows or
doors are opened to catch the solar radiation for heating the room. Also few teachers
mentioned they request their students to wear warmer cloths during winter.

Regarding IAQ, 80% of the participants was satisfied. Even though the air pol-
lution is there all year round, the teacher only acknowledged it for wintertime. This
is mainly because the ambient air pollution is only visible during the hazardous
winter days. In addition, India is using much different rating for the ambient air
quality. Even though PM2.5 concentrations above 25 µg/m3 start causing relatively
high health risks, in India PM2.5 concentration lower than 100 µg/m3 are still ac-
ceptable. Thus, due to the higher annually average exposure to ambient air pollution
the acceptability range is basically shifted upwards compared to western acceptable
ranges. Note that the teachers mentioned dry and stuffy air to cause the dissatis-
faction of the IAQ. Probably this is caused by relatively low humidity in winter in
combination with the high level of pollutants in the outdoor air. The fine particles
are most probably insensible. However, the high PM2.5 levels correspond to the ex-
posure level of other pollutants which could be causing the sensible stuffy and dry
air [32]. Lastly, the teachers mentioned they request for a sweeper when the air is
getting bad. As they expect to dispose the air pollution by cleaning the coarse dust.
Though, unfortunately this action causes a dispersion of the previous depositioned
particles.

Overall, 80% of the participants were satisfied with light environment. Whereas,
only 60% was satisfied with the sound environment is mainly rated as completely
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satisfied. Though, there were some small complaints about traffic noise. Also for the
courtyard type of schools, few teachers mentioned to be disturbed by neighbouring
classrooms in case of open doors and windows. Regarding the light, quite often in the
older schools there were more light points unused or only small light bulbs installed
in the room. Whereas, the newer classrooms more often had sufficient fluorescent
lighting. Note, due to daylight the lightning conditions seemed okay. However, dur-
ing winter when the window shutters are closed the classrooms most likely become
to dark.

Figure B.20: Questionnaire results regarding IEQ satisfaction and thermal sensation

B.2 Conclusion

The investigated classrooms were susceptible for the orientation and direct exposure
to the outdoor climate. Also the occupancy rate highly affects both the thermal and
air quality performance of the rooms. The natural ventilation rate varied between
17 and 24 [1/h], this was highly related to the opening sizes and whether there was
cross ventilation or an exhaust fan. Additionally, these ventilation rates only apply
for summer and monsoon season when windows are open and fans are running.
Based on physical properties classroom 2D matches the standard classroom (based
on investigated classrooms) the best. Although the classroom has relatively little
window surface. In the modelling phase the measured data of classroom 2D will be
used for boundary settings and as validation. High ventilation rates lead to low CO2

concentrations which is rather beneficial. As the model should also fit the worst case
scenario, the ventilation rate is deliberately accounted relatively low in summer and
monsoon around 19 [1/h].
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Appendix C

Sensitivity analysis

The TRNSYS model exists of many assumption regarding building and IEQ charac-
teristics. Therefore, it is important to know the consequences whenever in reality a
parameters is different. The objective of the sensitivity analysis is to determine the
responsiveness of th model by iteratively varying certain parameters. The sensitivity
is evaluated based on overheating, under heating, and CO2 exceedence hours, as
given in FigureC.1,C.2, andC.3. This section will discuss all characteristics as they
were assumed in the base case and the sensitivity of the model.

Figure C.1: Sensitivity analysis TRNSYS base model, the effect of various model
characteristics on overheating hours

98



Figure C.2: Sensitivity analysis TRNSYS base model, the effect of various model
characteristics on under heating hours

Figure C.3: Sensitivity analysis TRNSYS base model, the effect of various model
characteristics on CO2 exceedence hours
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Construction weight

The base model assumes wall thickness of 0.4m, floor thickness of 0.2m, and a roof
thickness of 0.35m. This relatively heavy weight construction corresponds to a high
heat capacity. The accumulated heat leads to a more overheating hours during the
extreme hot days, however during winter it leads to less under heating hours. The
sensitivity analysis tested the affect of a 25% increase and decrease in construction
thickness. The overheating hours are hardly affected by changing the thickness of
the construction. Contrarily, the under heating hours are more sensitive to this
characteristic. Especially the first floor classroom notably experiences bigger changes
in under heating hours when varying the construction thickness. This is due to
the bigger share of outer construction surface (roof surface) within the first floor
classroom.

Window openings

The window opening in the base model regards 3.4 m2 per classroom. For the
sensitivity analysis only the thermal affect is taken into account, however in reality
a change in open area also changes the ACH rate. This effect of difference in ACH
is analysed later in sectionC. When decreasing or increasing the window area with
50%, the overheating hours are respectively decreased or increased by roughly 8%.
Additionally, the difference between ground and first floor is negligible. However,
for the under heating hours there is a small difference between the ground and first
floor classrooms, as window openings function as an entry for solar gain to heat the
rooms during winter. Probably, the window openings on the first floor are of greater
importance to heat the rooms, compared to the ground floor. This is partly caused
by higher heat loss via the roof, causing the need of more solar gain to heat the first
floor classroom during winter.

Solar Absorption

Especially the first floor classroom is slightly affected by the outer solar absorption
coefficient, due to the high influence of he roof surface on the solar load. In the
current model this coefficient is assumed to be 0.65, as the building envelope is
covered with semi-white plaster. Though there are schools with a darker outer skin
(solar absorption 0.8), which might lead to a 10% increase (30 hours) of overheating
hours and 40% decrease in under heating hours (26 hours). Note, the opposite would
happen if the building envelope would have a less absorptive outer skin.
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Ventilation rate

The ACH rate is depending much on the fans as a driving force. Therefore, during
summer (open conditions) the ACH reaches 19 [1/h]. Towards winter, the fans are
off while the windows are still open leading to a ACH rate drop up to 7 [1/h].
During winter the windows are also closed, meaning the ACH rate is depending on
the infiltration rate of 3.5 [1/h]. A change of 25% in ACH rate significantly affects
the under heating hours (45-48% deviation) more than the overheating hours (2-
5% deviation). Especially during winter the ventilation rate corresponds to a large
amount of under heating hours. Additionally, the CO2 exceedence hours are almost
cut in half when the ACH rate in 25% increased. Thus, a small change in ACH,
particularly in winter, considerably influences the modelled results.

Occupancy rate

The base model assumes a constant occupancy rate of 40 people, of which 1 teacher
and 39 students. In reality this rate is much more dynamic. The occupancy rate is
of great influence on both overheating, under heating, and CO2 exceedence hours.
More people means higher CO2 and heat production, vice versa less people means less
CO2 and heat production. When changing the occupancy rate with 25%, thermally
the overheating and under heating hours respectively change in order of magnitude
of 35 hours. Regarding the CO2 exceedence hours, a decrease in occupancy rate
of 25% is of greater influence than a 25% increase. This is due to the relatively
high ACH rate during summer, even though the CO2 production increases the CO2

concentration still stay underneath the 1150 ppm limit. During winter when the
ACH rate is rather low, the CO2 concentration was already exceeding the CO2 limit.
Therefore, an increase in occupancy rate is does not significantly lead to many more
CO2 exceedence hours (1.5-3%), though the order of exceedence is increasing. While
a decrease in occupancy rate reduces the CO2 exceedence hours with 46% (240 hours).

Air velocity

During summer an air velocity of 0.4 m/s is assumed. During winter this is assumed
to be only 0.05 m/s, while during winter there is less driving force. A change of air
velocity of 50% does not significantly influences the overheating, under heating, and
CO2 exceedence hours. The overheating is most influenced by the change in velocity.
Still this only regards 4-8%.

101



Fans setpoint

Currently, the model assumes that the fans are turned on at an operative temperature
of 25ºC and turned of at an operative temperature of 22ºC during occupancy hours.
For the sensitivity analysis the setpoint is shifted up and down by 2ºC. Thermally,
the effect is rather insignificant, 0-9 hours difference in both overheating and under
heating hours. Though the CO2 exceedence hours is changing about 16-20%, as the
fans are a important driving force for th ACH rate.

Windows setpoint

The current base model operates the windows based on the operative temperature
and the solar radiation. The windows are opened at an operative temperature of 21ºC
and turned of at an operative temperature of 18ºC. Simultaneously, the windows are
opened again when the solar radiation on the windows is above 1200 kJ/hr.m2. Both
setpoints are varied for the sensitivity analysis. Shifting the operable setpoint with
2ºC insignificantly changes the overheating and CO2 exceedence hours. However,
the under heating hours are changing roughly 19-35% (20-30 hours). Shifting the
radiation setpoint by 300 kJ/hr.m2 is not changing the evaluated aspects. Note, this
means that opening the windows does not effectuate sufficient ACH to reduce the
CO2 exceedence hours.

Conclusion

The sensitivity analysis explained the physical response of the model to various
parameters. Meaning that a change of the building, indoor conditions, or user profile
certainly affects the outcome of the IEQ characteristics compared to the base model.
The sensitivity analysis showed that the TRNSYS base model generally is most
sensitive for the ventilation and occupancy rate. As those parameters are much
more dynamic in reality than in the model, these parameters should be tested again
for the final results.
The under heating hours are relatively more sensitive for all modelling parameters.
However, in absolute sense the sensitivity in amount of under heating hours is similar
to the overheating hours. For example the under heating hours are relatively sensible
for changing the solar absorption, roughly 40%. This is only a 30 hours difference
compared to the base case, which is equal to the change in overheating hours.
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Appendix D

Unilateral interventions

Infiltration

During winter a naturally ventilate building is highly dependent on infiltration.
Therefore, it is important to be able to indicate the amount of infiltration. There are
three main causes for infiltration of air into a building: the stack affect, wind pres-
sure, and opening of doors/windows. As the school building is no high rise building,
the infiltration due to the stack effect is negligible. Additionally, the annual average
wind velocity in New Delhi is 1.7 m/s [23]. Having windows and doors at two sides of
the room most probably leads to an infiltration rate of al least 1.5 [1/h] [40]. When
trying to seal the naturally ventilated classroom the estimation of the infiltration
rate becomes more important. Depending on the window velocity and the type of
window/door the infiltration rate per meter crack length is given in Table D.1.

Table D.1: Infiltration through windows [m3/h per meter crack length] [40]

Wind velocity [m/s] 2.2 4.4 6.7 8.9 11.1

Wooden double-hung windows

Non-weather stripped, poor fit 2.5 6.4 10.3 14.3 18.4

Weather stripped, poor fit 0.6 1.8 3.2 4.7 6.6

Weather stripped, average fit 0.4 12 2.2 3.3 4.6

Ordinary wood or metal door

Non-weather stripped, poor fit 4.8 12.6 0.34 0.48 0.61

Non-weather stripped, well fit 4.8 6.6 10.2 14.4 18.6

Weather stripped, well fit 2.4 3.6 4.8 7.2 9.6
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Besides the infiltration through a door crack there is also quite some air infiltrating
each time the door is opened. Table D.2 indicates the amount of air infiltrating at a
wind velocity of 3.3 m/s. Note, this leads to relatively high infiltration rate for New
Delhi as the average wind velocity is much lower.

Table D.2: Infiltration through opening doors at wind velocity of 3.3 m/s [m3/h per
meter crack length] [40]

m3/h per m2 area m3/h

Closed Open

Type of door No use Average use No vestibule Vestibule

Revolving doors 14.4 94.8 2040 1500

Normal wooden door 18 118.8 1200 840

Modelled interventions

Reflective paint

The reflective paint was applied on the outer layer of the façade. Therefore, the roof
and outer wall are provided with a reduced solar absorptance of 0.25 [-] compared to
the 0.65 [-] in the base case.

Insulation

The concrete roof construction was provided with 80 mm poly urethane insulation
layer. This results in a reduced total U-value of 0.336 W/m2.K.

False ceiling

The false ceiling was only applied underneath the roof. As the biggest solar load
is coming from this part. This false ceiling was based on the New Vastu tips from
architect Ashok B Lall how to create a cool roof [44]. The false ceiling consists of
10 mm plywood board with on top of that 50 mm polystyrene and a aluminium foil,
hanging 25 mm underneath the concrete slab. This resulted in a U-value of 0.45
W/m2.K.

Roof shadow

There are many ways of creating a shadow on top of the roof. It can be translucent,
or maybe seasonally dependent. However, the effect of creating shadow was only
simulated by adding an external shading factor of continuously 1 to the roof surface
throughout the entire year.
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Glazing

A single glazed pane was added to the existing steel window frame and was simu-
lated as TRNbuild window library ID number 101. Throughout the simulation the
windows were kept closed all the time. Still there is air leaking through window and
construction cracks, and doors are opening occasionally. Based on Table D.1 and D.2
the infiltration rate for a non-weather stripped poor window is estimated to be 1.7
[1/h]. Additionally, during summer the fans are activated and therefore results in
more turbulent fluctuation inside the room. This most likely leads to higher local
under and over pressures which act as driving force for the infiltrating air. This was
assumed to lead to an extra infiltration rate of 1.3 [1/h]. Meaning the total infiltra-
tion rate in summer is 3 [1/h]. This corresponds to the infiltration rate as measured
in the reference room with the plastic window panes given in Figure 2.12b.

Seal old windows

In addition to the previous described single glazing, the existing steel window frames
were sealed. Still there is quite some air leaking trough cracks and the steel frames
are often not closing properly. The sealed windows were assumed to lead to a lower
infiltration rate of 1.3 [1/h]. Moreover, the fan induces infiltration was assumed to
drop to 0.35 [1/h]. Meaning the total infiltration rate in summer is 1.75 [1/h]. Note,
the windows were simulated closed the entire year.

New windows

The existing window panes were replaced by new double glazed window frames and
were simulated as TRNbuild window library ID number 201. As these windows
are properly sealed and closing the infiltration rate was assumed to be only 1 [1/h].
Additionally, the fans during summer were assumed to cause an additional infiltration
rate of 0.35 [1/h]. Meaning the total infiltration rate in summer is 1.35 [1/h]. Note,
the windows were simulated closed the entire year.

Nano-fibre window filter

This innovative nano-fibre filter technology is a promising filtering technique for
naturally ventilated buildings. The chemical composition of the filter surface is op-
timized to match the RSPM and therefore stimulates PM adhesion. Compared to
existing air filter technologies this filter can achieve high filter efficiency with good
optical transparency, lower air flow resistance, and thinner [36]. An polyacryloni-
trile nano-fibre with a transmittance of 70% qualifies the high-efficiency standard
of >95% [36]. Though the application of similar nano-fibre films coated on window
screens increases the air resistance of the window opening. This resistance reduces
the ACH rates with 86% [37]. Therefore the ACH rates for open windows including a
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nano-fiber filter was assumed to be 2.5 [1/h] for open windows with filter efficiency of
0.95 for PM2.5. Additionally, there was still air infiltrating via cracks of presumably
1.35 [1/h].

Close hall

Closing the hall was an extension of the ’New windows’ variant. In addition to the
double glazing in the classroom, the hall was also equipped with double glazing. The
new infiltration rate in the hall was assumed as 2 [1/h]. The infiltration rate in the
classroom was assumed to drop to 0.8 [1/h] with an additional 0.35 [1/h] with fan
are running. Note, within the CO2 calculation the exchange of air between hall and
classroom was not encountered. Meaning this calculation was unable to determine
whether there is more CO2 built accumulating while closing the hall.

Bamboo shading

The bamboo shading was installed with an offset of 0.3 m from the south façade
(taken into account that many school buildings have a similar overhang). The bam-
boo shading was opened at April 8 and closed at September 25. It was assumed that
the occupants are not intermediately closing the shading. The effect of this overhang
was expressed in a reduced solar radiation on the south façade within the exposure
module. In addition within Type56 the windows in the south façade were equipped
with external shading factor of 0.8 when the bamboo shading was open.

Window purifying ventilator

A window purifying ventilator works as a cross-flow fan (CFF) and functions as a
rotational particle separator with particle precipitating into a filter. This ventila-
tor is integrated within a window frame as presented in Figure D.1. Corresponding
CFF has a capacity of 70 m3/h at 35 W with a filtration efficiency of > 90% for
PM2.5 [45].
Taken into account the opening area within the reference base case, 4 CFF’s can
be installed. This equals a mechanical ACH rate of 2.5 [1/h]. While installing the
window purifying ventilator it was assumed that the windows were also replaces with
double glazing and were closed as described in the ’New windows’ variant. The venti-
lators are only activated during occupancy hours. Probably, this mechanical supplied
fresh air reduces infiltration of air [42]. However, there has not been found a specific
relation between mechanical ventilation and its effect on infiltration. Therefore, it
is assumed that the infiltration rates drops from 1 to 0.7 [1/h] while the ventilator
is active. Additionally, active fans were assumed to cause extra infiltration of 0.25
[1/h], which is also slightly lower than before due to the use of mechanical ventilation.
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Figure D.1: window purifying ventilator [38]

Electrostatic air purifier

Through positive ionization (ultra) fine particles are captured without the use of
conventional filters. After ionization the particles are charged, which makes it pos-
sible for the collector plates to attract and collect the particles as counter pole. The
huge advantage is the little pressure drop, which makes the technique more energy
efficient. Several proceedings of the 11th International Conference on Electrostatic
Precipitation state that the efficiency ignites 99%. However, it is also mentioned
that the efficiency drops while filtering PM2.5 and smaller particles [46]. Still, the
collector plates are easily cleaned, so there the plates are reused without an efficiency
drop.
The Electorstatic Precipitator (ESP) was simulated to recirculated indoor air with
a capacity of 3.5 [1/h], at 150 W, and a filter efficiency of 99% during all occupancy
hours. The infiltration rate was continuously 3.5 [1/h]. During summer the total
natural ventilation rate was 19 [1/h]. During winter, when doors are closed and fans
are off, the ESP was assumed to cause an extra infiltration rate of 0.35 [1/h] due to
the extra induced turbulent flows in the room.

Air handling unit

An AHU was the only explored centralized solution. Within an air handling unit the
outdoor air is filtered in stages. At least one pre-filter is necessary to remove coarse
particles. This filter should be renewed at least ones per half year. In the next stage a
fine particle filter is necessary similar to at least a F9 filter (European standard). An
extra recommended fine filter is the High Efficiency Particulate Air (HEPA) filters,
with an filter efficiency of 99% [47]. Note, this efficiency will drop over time as the
filter catches the particles which results in an increased pressure drop. Meaning that
the filter performance should be timely monitored and maintained. Proper equivalent
filters on the Indian market for F9 and HEPA are MERV9 and MERV15.
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During the simulation a 15000 m3/h AHU was simulated to supply 7.6 [1/h] filtered
fresh air per classroom. The cooling capacity of the unit is 150 kW with a fan power
usage of 7.5 kW. The 3 stage filtering system was assumed to have an efficiency of
99.9%. Just as the base case, the classrooms were not sealed or equipped from window
panes. Similar to the window purifying ventilator the infiltration rate was assumed
to drop from 3.5 to 1 [1/h] when the mechanical ventilation is active. Additionally
during summer the natural ventilation rate was assumed to drop to 12 [1/h] due
to the extra mechanical induced air. Within this test the cooling coil was not yet
assessed.

Direct evaporative cooling

Some government schools already apply DEC in the most unbearable classrooms.
Such DEC systems have their own water reservoir, which is evaporated to the cir-
culating indoor air. Within the TRNSYS base model Type506a was added as DEC
with default settings. Each water cooler recirculates roughly 900 kg/h of indoor air
and was activated when Top was higher than 30 �and was deactivated when Top
was lower than 28 �. Respective DEC system uses 200 W to circulate the air with
a cooling capacity of 1.5 kW . Though the real evaporative cooling demand is de-
pending on the air temperature and relative humidity and is calculated internally
by Type506a. The process was assumed to be ideal with no pressure loss (isobar).
The cooled air was coupled to Type56 as mechanically supplied air (900 kg/h) with
temperature and relative humidity from the Type506a output.

Indirect evaporative cooling

Within an IEC system heat is exchanged between a primary and a secondary air
flow. The primary air flow is cooled by evaporating water in the secondary air flow,
which causes the exchange surface to cool. The flows are not mixed and no moisture
is transferred between the two flows. Within the TRNSYS base model Type757
was added as IEC with default settings. Again the air in the primary stream was
circulated with 600 kg/h and is activated when Top was higher than 30 �and was
deactivated when Top was lower than 28 �. The secondary air flow circulates with a
3 times higher rate.
Two ways of circulating the air inside the IEC were simulated within the TRNSYS
base model. First, the indoor air was chilled via the primary air flow and returned
to the classroom. In this situation outdoor air was flowing through the secondary air
flow where the evaporation took place. Second, fresh outdoor air was entering the
primary flow and was chilled and supplied to the classroom. In this situation outdoor
air was flowing through the secondary air flow where the evaporation took place. In
both situation the output properties of primary air flow coming from Type757 was
coupled to Type56 as mechanically supplied air (600 kg/h).
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Appendix E

Solution packages

E.1 Adaptive thermal comfort

(a) (b)

Figure E.1: (a) First floor classroom ATC assessment for naturally ventilated build-
ings in package 1, (b) Ground floor classroom ATC assessment for naturally venti-
lated buildings in package 1
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(a) (b)

Figure E.2: (a) First floor classroom ATC assessment for naturally ventilated build-
ings in package 2, (b) Ground floor classroom ATC assessment for naturally venti-
lated buildings in package 2

(a) (b)

Figure E.3: (a) First floor classroom ATC assessment for naturally ventilated build-
ings in package 3, (b) Ground floor classroom ATC assessment for naturally venti-
lated buildings in package 3
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(a) (b)

Figure E.4: (a) First floor classroom ATC assessment for naturally ventilated build-
ings in package 4, (b) Ground floor classroom ATC assessment for naturally venti-
lated buildings in package 4

E.2 Indoor air quality performance

Figure E.5: Annual mean indoor PM2.5 exposure of the different packages in the
classroom at the first floor
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Figure E.6: Annual mean indoor PM2.5 exposure of the different packages in the
classroom at the ground floor

Table E.1: Package performance on annual PM2.5 characteristics throughout one
school year

Classroom Annual mean WHO EF

indoor outdoor limit (L) (M) (H) (C)

[µg/m3] [µg/m3] [h] [h] [h] [h] [h]

First floor

Base 116 116 225 697 408 309 476

Package 1 79 116 317 960 535 204 191

Package 2 49 116 622 1346 403 89 52

Package 3 39 116 766 1513 319 36 22

Package 4 1 116 1890 1890 0 0 0

Ground floor

Base 116 116 225 697 408 309 476

Package 1 75 116 329 982 561 186 161

Package 2 47 116 634 1372 398 82 38

Package 3 38 116 779 1522 307 42 19

Package 4 1 116 1890 1890 0 0 0

E.3 Cost indication
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