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Abstract: Students require a comfortable thermal environment for better academic learning and
health in general. In Nepal, the majority of school buildings are constructed using local materials,
but little consideration is provided to the thermal environment required for comfort. Therefore, this
study demonstrates the advantages of using passive design measures through a simulation that
can be used either in the early stages or as a retrofit to determine how the building performs in
terms of comfort and the thermal environment. First, the thermal environment of school buildings
and thermal comfort of students were evaluated through field surveys. Subsequently, a simulation
was performed to investigate the operative temperatures in the classroom of a school building in
Kathmandu. DesignBuilder software was used to create the base model and the simulated operative
temperature was validated using the measured globe temperature. Subsequently, passive strategies,
such as natural ventilation, insulation, and thermal mass, were applied and analysed. The field
survey showed that the indoor globe and outdoor air temperatures were correlated, and the students
perceived a hotter environment and preferred a cooler environment. Within this context, the average
comfort temperature was 26.9 ◦C. The simulation results showed that the operative temperature
was reduced to below 27 ◦C with a maximum reduction of 3.3 ◦C due to the integrated design
impact, which is within the comfortable limit required during school hours. This study helps to
design Nepalese school buildings in a better way by considering passive design strategies during
architectural design to make classrooms more thermally comfortable.

Keywords: school building; thermal environment; thermal comfort; passive design; simulation;
operative temperature

1. Introduction
1.1. Overview

Thermal comfort in school buildings has long been a subject of interest because the
relationship between the immediate thermal environment and its impact on students’ learn-
ing abilities and health is not well-understood yet [1]. It is a significant factor in the quality
of the indoor environment in school buildings, which is potentially linked to architectural
building design [2,3] and personal factors, such as age and level of activity [4,5]. The
“comfort temperature”, which is an index temperature that is calculated using either the
measured globe temperature, measured air temperature, or calculated operative temper-
ature at which the largest number of occupants will feel comfortable [6], evaluates the
comfort level in a given environment based on these factors. Thermal comfort conditions
are investigated and evaluated mainly using two approaches: climate chamber studies in
environmental control conditions and field studies in real buildings with occupants. The
former is based on a heat balance model [7] which outputs a predicted mean vote (PMV)
and predicted percentage of dissatisfaction (PPD), where the occupants have no control
over their thermal environment. The latter is an adaptive type of thermal comfort, where
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occupants have behavioural, physiological, and psychological adaptations [6,8,9]. Thermal
comfort prediction using the PMV-PPD model underestimates or overestimates according
to naturally ventilated buildings [10–14], and more emphasis is placed on the adaptive
approach for assessing the thermal environment and comfort [4]. Therefore, this study
followed the latter approach in real school buildings.

The built environment is the dominant source of energy use, which uses approximately
40% of global annual energy, along with the emission of greenhouse gases [15,16]. From
the viewpoint of the global environment, in order to reduce the consequences of global
warming, alternative ways of grasping the benefits of natural resources in the building
sector are required that use less energy and are more sustainable. This can be possible
by employing passive measures [17,18]. It adapts to local climatic conditions rather than
using an active design. To achieve this, designers can examine a building’s performance
and thermal comfort at the early stage of design and make rational decisions by utilising
various design strategies with building simulation tools [17,19]. Unfortunately, these kinds
of studies are overlooked in school buildings of Nepal. There is a need for awareness and
implementation of the fact that the use of such a design can improve a building’s thermal
performance and, therefore, its thermal comfort. For Nepal to follow the medium path
which is a futuristic rational path of energy use that aims to provide a reasonably good qual-
ity of life for both developed and developing countries, it is important to consider passive
design solutions as a means of improving the thermal environment of indoor spaces [20].
This approach connects building thermal comfort with human thermal comfort [21] and
can contribute to sustainable development in terms of global environmental issues.

Nepal is a country with a slow-growing economy and is at a stage where it can rethink
these opportunities to be used in the future that can reduce its dependency on the use of
fossil fuels, natural gas, coal, and so on. A passive design strategy can be used based on the
local area and climate conditions, which are appropriate for climate design adaptation to
address indoor thermal issues [22–24]. Having sufficient knowledge of such factors plays a
decisive role in potentiating energy-saving scenarios and thermal comfort [25–30]. From
an economic perspective, heavy reliance on active systems such as mechanical equipment
presently would be impossible; therefore, this study provides an idea of alternative paths
for a sustainable built environment in Nepal, which is one of the major contributions of
this research.

Before or after the building construction process for schools, offices, residences, and
hotels, an important aspect is how it performs and thus provides a comfortable indoor
thermal environment. The ultimate aim of either mechanically conditioned or passively
designed indoor spaces should be to reduce fluctuations in indoor temperature, regardless
of the outdoor temperature. If they are maintained by mechanical heating or cooling
equipment, the variation in the indoor thermal environment would be small, but it can
be different in naturally ventilated indoor spaces, even during peak summer or winter.
Factors such as climate, location, orientation, the building’s materials, and so on, of course,
significantly influence the indoors under such conditions [31,32]. Among indoor spaces,
classrooms are an important part of school buildings because they must accommodate a
large number of students for an extended period of time [33]. They have special character-
istics compared with other buildings, as they are used mainly during the day for academic
activities. There is a high possibility of outdoor influences on the indoor environment, such
as solar radiation during the day. Therefore, the approach required to create a comfortable
indoor environment while lowering the level of thermal discomfort is a key issue. It is
thus important to evaluate and improve the thermal environment through field surveys
and simulations. The originality of this study lies in the fact that it investigates the present
condition of comfort temperature as an index of thermal comfort through a field survey,
identifies the concerns of thermal comfort through statistical analysis, and uses passive
design strategies to improve the thermal environment required for comfort using thermal
simulation techniques simultaneously. Such research has not been conducted in previous
studies that have focused on schools in the research history of Nepal.
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1.2. Literature Review

Thermal comfort studies for students conducted so far have clarified its importance
based on how school buildings perform in their local climate [34–39]. Table 1 shows the
adaptive thermal comfort studies conducted in educational buildings in tropical [40,41],
subtropical [34,42], hot and dry [13], warm–humid [43], temperate [5,44,45], Mediter-
ranean [46,47], composite [1,48], mild [49,50], and cold [51] climates under the condition of
free running or natural ventilation. Many studies have been conducted in various countries,
climates, and seasons, and Table 1 presents that only a few of them have focused on hot sea-
son thermal comfort. A series of field studies conducted in naturally ventilated classrooms
in Indonesia and Bangladesh found that students were comfortable up to approximately
33 ◦C during hot seasons [40,41].

According to a study conducted in primary classrooms in Australia [34], students
rated comfort temperature and preferred temperature at 22.5 ◦C, which was different from
that of adults. Additionally, the study reported that factors such as the mode of operation,
climate, and age affect adaptation to the thermal environment. Liang et al. [42] found a
comfort temperature of 29.2 ◦C with a range of 24.4–29.2 ◦C. They investigated the effects
of building envelope energy regulations on thermal comfort levels, and found a significant
impact on thermal comfort levels in naturally ventilated primary and secondary schools.

A study conducted in an Iranian primary school found that students were slightly less
sensitive to changes in indoor temperature compared with adults and that they felt com-
fortable at lower temperatures during the warm season [13]. They estimated the comfort
temperature at 23.3 ◦C and a range of 22–25 ◦C. Munonye and Ji [43] conducted a field
study in naturally ventilated primary school buildings in Nigeria to investigate the thermal
comfort of students. The comfort temperature was 28.1 ◦C, with a comfortable range of
25.8–30.5 ◦C. Furthermore, this study concluded that such a high comfort temperature was
probably due to the architectural characteristics of classrooms and buildings.

Aparicio-Ruiz et al. [44] predicted a comfort temperature of 24.5 ◦C in indoor temper-
ature of 24–27 ◦C and detected a wide thermal comfort range compared with standards.
A study conducted in Korea concluded that students were more sensitive to the indoor
temperature than adults and their preferred temperature was lower [5]. Furthermore, it
was found that the range of fluctuations in indoor temperature satisfied the ASHRAE
criterion for thermal comfort of 23–26 ◦C during the summer. Shrestha et al. [45] found
that approximately 76% of the students felt comfortable at an average globe temperature of
27 ◦C under the condition of natural ventilation in the autumn in school buildings in Nepal.

A field study in Portuguese secondary classrooms by Pereira et al. [46] found an
acceptable temperature of 25.2 ◦C with a range of 22.1–25.2 ◦C. They also found that
neutrality was not the preferred state for students. In another study conducted in a
secondary school in Cyprus, Heracleous and Michael [47] found that the thermal comfort
zone ranges from 23 to 29 ◦C for 80% acceptability and from 24 to 28 ◦C for 90% acceptability
during the summer.

In a field study conducted in naturally ventilated school buildings in India [1], it
was found that the adaptive opportunities available to students were clothing, window
openings, and ceiling fans. Under these conditions, it was found that a comfort zone of
23–32 ◦C with an average comfort temperature of 29.8 ◦C is acceptable for their thermal
environment in summer. In the same climate, Kumar et al. [48] found that the comfort
temperature of students was 24.8 ◦C in autumn. Jowkar et al. [50] conducted a comfort
temperature range investigation study in the UK in learning classrooms and found that the
average comfort temperature was 23 ◦C, with an operative temperature range of 22–25 ◦C.

A field study in classrooms in China found that the summer comfort temperature is
26.2 ◦C [51]. In the summer, the acceptable range was 21–29.6 ◦C which was found based
on the analysis of indoor measurements and subjective responses.

The above studies show that the comfort temperature and its range are wider under
natural ventilation conditions, regardless of the climate and location during hot seasons.
In the absence of a thermally comfortable indoor environment, the vulnerability of stu-
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dents towards their academic performance tends to be high in naturally ventilated school
buildings. This can be improved by employing passive design techniques [31].

Previous simulation studies [17,26,52–54] found that improvements applied by passive
strategies in existing buildings saved a significant amount of energy. Studies conducted
on educational buildings have validated the efficacy of passive design strategies in their
respective climatic conditions to maintain an indoor thermal environment as well as energy
saving, as shown in Table 2 [26–32,39,55–68]. Lopez et al. [69] identified passive design
intervention strategies such as green roofs, thermal insulation, natural ventilation, shading,
orientation, thermal mass, solar walls, Trombe walls, evaporative cooling systems, solar
chimneys, windcatchers, and so on in schools in 43 countries and Koppen climate zones
from the literature. Subhashini and Thirumaran [64] explored a shading device design
for warm and humid climates that reduced the heat gain from windows and walls and
maintained the indoor air temperature. Galal [60] found that the north, north-east, and
north-west orientations can provide the most efficient heat gain and daylighting conditions
combined, for coastal areas with Lebanese climates. Mohamed et al. [55] revealed the
reductions in indoor air temperature from 30.3 to 44.8 ◦C to 18.9–26.5 ◦C after activating
a passive wall system. Alwetaishi et al. [39] observed that vertical shading is efficient
from 7:00 to 9:00, after which 45◦ vertical shade is more efficient in maintaining classroom
temperature in the local climate of a hot region. Park et al. [27] found that the phase change
materials (PCMs) applied to the shading reduced the cooling energy use by 44% and im-
proved the thermal comfort hours by 34% in educational buildings. Kükrer and Eskin [37]
found that discomfort hours were decreased by 17.6% and productivity was increased by
46% because of ambient temperature, HVAC, airflow, and shading operation schedules.
From an experimental and numerical assessment, Stavrakakis et al. [62] concluded that a
cool roof improves summer thermal comfort and reduces energy consumption in school
buildings in warm climates. Lakhdari et al. [70] found that the combined passive strategy
of the window wall ratio (WWR), glass types, wall materials, and shading control can
provide better thermal comfort in hot and dry regions. Carbonari [71] used simulations
to find the effects of various passive solar control retrofit strategies, such as external slats,
which significantly reduced solar gain and contributed to maintaining comfort conditions
during the summer at an Italian school.

Thermal insulation plays an important role in changing the rate of heat flow through it,
either by hindering conduction, convection, or radiation, based on the heat storage capacity
of the materials. Proper selection of materials helps to avoid heat loss or gain and reduces
the demand for energy. Insulating materials, such as expanded polystyrene (EPS), extruded
polystyrene (XPS), and polyurethane-polyisocyanurate (PUR-PIR), are mostly used because
of their low thermal conductivity, low cost, ease of handling, and installation [72]. Ali
and Al-Hashlamun [73] investigated the effect of insulation on uninsulated old schools
and thermally insulated new school buildings. They found that the new insulated school
effectively contributed to reducing the average indoor air temperature. Through a literature
review, Sadineni et al. [74] found that the use of thermal mass is more significant in reducing
the indoor temperature in places where the night and daytime outdoor air temperature
differences are high.

Based on the above-mentioned literature review, several passive strategies employed
in educational buildings have been identified, that have improved the thermal environment,
comfort, and energy savings. There have been a few thermal environment improvement
simulation studies conducted in Nepal to improve the thermal comfort in residential
buildings [75–77]. However, none of these studies have focused on school buildings hence
these have been overlooked.
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Table 1. Summary of previous thermal comfort research conducted in school/educational buildings with their major findings.

References Country Climate Zone Survey Season Age Group Student Sample Ventilation Type Tc [◦C] Tc(range) [◦C]

Hamzah et al. [40] Indonesia Tropical Autumn 11–18 1594 NV 29 28.2–33.6
Talukdar et al. [41] Bangladesh Tropical Summer 20–21 579 NV 27.8 27.5–33.8
de Dear et al. [34] Australia Sub-tropical Summer 10–18 - NV 22.4 19.4–25.7
Liang et al. [42] Taiwan Sub-tropical Summer 12–17 1614 NV 29.2 22.4–29.2

Haddad et al. [13] Iran Hot and dry Summer, winter 10–12 1605 NV 23.3 22–25
Munonye and Ji [43] Nigeria Warm–humid October 2017–May 2018 7–12 330 NV 28.1 25.8–30.5

Aparicio-Ruiz et al. [44] Spain Temperate Summer 10–11 67 NV, FR 24.5 21.8–27.2
Yun et al. [5] Korea Temperate Summer 4–6 119 NV 22.1 23–26

Shrestha et al. [45] Nepal Temperate Autumn 12–18 818 NV 27 24–30
Pereira et al. [46] Portugal Mediterranean Mid-season 16–19 45 NV, FR 25.2 22.1–25.2

Heracleous and Michael [47] Cyprus Mediterranean Summer, May 12–15 289 NV - 24–28
Singh et al. [1] India Composite Summer 18–26 900 NV 29.8 23–32

Kumar et al. [48] India Composite Autumn 18–21 615 NV 24.8 16.8–35
Korsavi and Montazami [49] UK Mild climate Summer 9–11 805 NV 20. 9 -

Jowkar et al. [50] UK Mild climate Autumn, winter Ave. 22 3000 FR 23 22–25
Wang et al. [51] China Cold climate Summer Ave. 20.5 1973 NV 26.2 26.2–29.6

FR: Free running; NV: Naturally ventilated; Tc: comfort temperature [◦C]; Tc(range): Range of comfort temperature [◦C]. The comfort temperature and its range presented are only those of
the conditions NV or FR selected from each paper.

Table 2. Summary of passive design strategies research in school/educational buildings with their major findings.

References Country Climate Simulation Methods Thermal Environment Improvement Strategy Major Findings

Zahire and Altan [31] Tehran Hot and dry DesignBuilder Orientation, thermal mass, glazing, insulation Reduction in Ti by 4–5 K.

Mohamed et al. [55] Sudan Hot EDSL TAS
ANSYS ICEM CFD

Passive wall with natural ventilation and
evaporative cooling

Reductions in Ti from 30.3 to 44.8 ◦C before and to
18.9–26.5 ◦C after activating a passive wall system.

Boutet and Hernández [56] Argentina Hot and humid Simedif and
Radiance–Ecotect

Regulation of glazed area, sun shading, and
opaque envelope treatment

Ti reductions of up to 6 ◦C and 40–60% cooling load
reductions on average.

Alwetaishi et al. [39] Saudi Arabia Hot and dry EDSL TAS Vertical and horizontal shadings to control
access to solar radiation

Vertical shading is efficient from 7:00 to 9:00, and after
those 45◦ vertical shades are more efficient in
maintaining the classroom temperature.

Cuce et al. [57] Japan Hot–humid summers and
mild winters CFD Natural/Passive ventilation The application of natural ventilation strategies

reduces the Ti and purifies the air.
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Table 2. Cont.

References Country Climate Simulation Methods Thermal Environment Improvement Strategy Major Findings

Garg et al. [58] India Warm Experiment Cool roof coating

Reduction of 1.5–2 ◦C Ti on average. This technology
significantly impacts lowering and improving the Ti
for thermal comfort in un-conditioned rural
school buildings.

Trebilcock et al. [59] Chile Arid, Mediterranean, and
oceanic temperate DesignBuilder Orientation, window size, glazing, insulation,

infiltration rate

North orientation to lower heating demands, south to
lower cooling demands, high insulation, lower heating
demands in southern zones, low infiltration rate in the
southern and coldest diminish the heating demand,
glazing is not effective for the energy performance.

Galal [60] Lebanon Coastal DesignBuilder Orientation on heat gain and daylighting
The north façade receives the lowest heat and the
lowest cooling load, south, west, and east are the
preferred orientations for minimum daylighting level.

Nejat et al. [61] Malaysia Tropical Experimental and (CFD) Passive cooling and natural ventilation
by windcatcher

Increased ventilation if the length of the windcatcher
is increased. The windcatcher provides a maximum of
9.6 kW of cooling power if the wind speed is 4 m/s
and outdoor temperature at 23 ◦C.

Park et al. [27] South Korea Cold climate DesignBuilder Retrofit of applying PCM on shading Cooling energy use reduced by 44%, and the thermal
comfort hours improved by 34%.

Emil and Diab [28] Egypt - EnergyPlus Retrofitting of roof, wall, glazing and shading,
daylighting, WWR

Combining strategies reduced energy use by more
than 36%.

Stavrakakis et al. [62] Greece Mediterranean DesignBuilder Cool roof The cool roof is efficient to improve thermal comfort
in summer and ensures annual energy savings.

Gil-Báez et al. [26] Spain Mediterranean LIDER and ViSol Insulation, shading, and glazing Energy savings of up to 17.7% for heating and up to
15.9% for cooling.

Randjelovic et al. [29] Serbia Mediterranean EnergyPlus and jEPlus Insulation, double-skin façade, green roof,
Trombe wall

Maximum energy savings of up to 77% of heating and
79% of cooling energy can be saved by applying the
appropriate combination of passive design.

Heracleous et al. [63] Cyprus Mediterranean IES-VE
Insulation (roof, wall, and floor),
high-performance window, ventilation,
and shading

Natural ventilation and insulation improve the
thermal comfort and minimize the cooling degree
hours by 96.8% and the heating degree hours by 4.3%.

Subhashinia and
Thirumaran [64] India Warm humid Calculation Shading (vertical and horizontal

shading device)

With vertical shading, solar radiation falling into the
western windows can be prevented, and thus the heat
gain from the west walls or windows can be reduced.
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Table 2. Cont.

References Country Climate Simulation Methods Thermal Environment Improvement Strategy Major Findings

Liu et al. [32] China Cold EnergyPlus and
OpenStudio

Passive solar building design (direct-gain
window, Trombe wall plus direct-gain window,
and attached sun path)

The ratio of the direct-gain window design is 0.45 and
0.5 for severe cold and cold areas, respectively. The
thermal environment can be improved using solar
passive design in cold climates.

Ascione et al. [30] Italy Mediterranean DesignBuilder PCM

The PCM with a melting temperature of 23 ◦C and a
freezing temperature of 21 ◦C, shows a reduction in
energy use by 11.7% and the increase thermal comfort
in summer.

Aksin and Selçuk [65] Turkey Cold and moderate Grasshopper, EnergyPlus,
and OpenStudio

WWR, insulation thickness, wall and
glazing materials

The energy performance was improved by 4.1–5.1%
with the insulation selection. Even though the
U-values of enveloping materials are reduced in
optimized solutions, there are no significant
differences in energy use intensity.

Ledesma et al. [66] Ecuador Mild EnergyPlus and MATLAB Rooftop farms (greenhouses, edible green roofs,
integrated rooftop greenhouses)

Rooftops show a positive impact on improving
thermal comfort, and air quality. Integrated rooftop
showed the best overall performance with a 42%
reduction in thermal load and a 0.7 ◦C reduction in Ti.

Camacho-
Montano et al. [67] Germany Warm (Marine west coast) DesignBuilder NV, shading, glazing, and PCM

The use of efficient ventilation in heavyweight
buildings prevents overheating. Passive methods can
minimize overheating in lightweight structures to less
than 10% of discomfort.

Mahmoodzadeh et al. [68] USA, Canada
Hot and dry, hot and
humid, cool and humid,
humid–continental

EnergyPlus Green roof

Plant albedo has the least effect on the performance of
the school. Poorly insulated buildings in
heating-dominated climates can be retrofitted with
green roofs to improve their energy performance.

Ti: Indoor air temperature; PCM: Phase change material; WWR: window to wall ratio, NV: natural ventilation.
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1.3. Nepalese School Buildings and Research Questions

An effective infrastructure, such as building envelopes with insulation, has not been
developed in most school buildings of Nepal that can maintain thermal comfort in class-
rooms [45]. They are mostly constructed using a community-driven approach without con-
sidering the impact of outdoor thermal conditions on an incremental and non-engineering
basis [78], which lacks adequate insulation, ventilation, solar control, and other key thermal
comfort aspects. There are no mechanical heating or cooling systems, and natural ventila-
tion through windows or doors is the only means of maintaining an indoor environment.

What is the thermal environment and thermal comfort in these buildings and how
can they be effectively improved using natural resources and minimal energy; remains
a question to be answered. Passive design strategies to improve thermal comfort in
classrooms have not yet been studied or considered. Thus, it is necessary to conduct
thermal performance studies to improve or ensure energy efficiency for thermal comfort so
that the impact of passive design can be determined if school buildings are to be constructed
or renovated in the future. Field investigations alone cannot predict future conditions;
therefore, a simulation study would probably be a better way to investigate and analyse
these aspects.

According to the school sector development plan 2016–2022 implemented by the
Government of Nepal, the use of passive design strategies have not been mentioned or
encouraged for improving the thermal environment and comfort of students in class-
rooms [79]. Moreover, the results and recommendations obtained from previous studies
conducted in other countries and climates cannot be generalised to the Nepalese context
because it has a very diverse type of climate and geography. Therefore, this study was
conducted to fill this research gap and answer the above-mentioned questions, as well as to
analyse and compare the impact of various passive design strategies on the indoor thermal
environment through a case study of a school building. This study provides an insight into
how passive improvement of the indoor thermal environment after evaluating its thermal
comfort can best be used to ensure awareness of energy saving for future generations. This
work contributes to minimising the use of a mechanical heating or cooling system that
consumes high energy while maintaining the thermal environment and comfort in school
buildings in the study area.

1.4. Objectives

From the literature review in the previous section, it was found that very few stud-
ies [31] are based on thermal comfort field studies, followed by simulation studies for the
improvement of thermal environment using passive design strategies. Consequently, this
study conducted field surveys and measurements in school buildings. This study analyses
the effect of passive design strategies on the operative temperature as an index of thermal
comfort through simulation. To the best of our knowledge, this is the first systematic simu-
lation study to develop a comprehensive understanding of the indoor thermal environment
for thermal comfort in free-running or naturally ventilated Nepalese school buildings. It
aims to investigate the indoor thermal environment, the thermal comfort of students, and
how passive design strategies are effective in improving the operative temperature at a
level that is suitable for thermal comfort. Further, the research intention of this study is to
demonstrate some of the design strategies that can be employed in existing and new school
building designs.

2. Methodology

The flow chart presented in Figure 1 shows the methodology used in this study.
These methods include field surveys and building simulations. The survey collected
environmental quantities and thermal perceptions of students for the evaluation of thermal
conditions as well as building information to develop a base model for simulation purposes.
Subsequently, the impact of individual passive design strategies on operative temperature
was evaluated. According to the literature review, we found that some studies employed
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an overlay of single optimal technology while running the simulation [31,80], and this
study also used such technology. The base model was generated referring to a case study
school, which is a representative school found around the Kathmandu valley and other
places located in the temperate climates of Nepal [45]. The case study building has a similar
structure, form, and materials as other school buildings.

2.1. Description of Geography, Climatic Conditions, and a Case Study Building

Nepal has a varied climate, owing to its geography and altitude. It is divided into
three topographic regions: the Himalayan north has a cold climate, the hilly middle has a
temperate climate, followed by the subtropical Terai south. The most dominant climate type
is temperate, characterized by a dry winter and hot summer. Figure 2a shows the location
of the investigated areas in a temperate climate region on the map of Nepal. The outdoor
air temperatures in this area generally decrease in October and reach their minimum in
January. June to September have the hottest temperatures, most rainfall, and highest
humidity (70–83%) [45]. Field studies were conducted in three school buildings: one in
Kathmandu (S1) and two in the Dhading district (S2 and S3). However, the focus of this
study was on the S1 school building for simulation and depth analysis. Figure 2b–d shows
a view of the case study school S1. It is a one-storey uninsulated, pitched-roof building
with its main façade facing south, which is naturally ventilated by keeping windows and
doors open, and no mechanical equipment is installed. The external walls are fabricated
of bricks, and the inner wall surfaces are finished using plaster and mortar. It is a private
secondary school building and representative of the commonly found school buildings
around Kathmandu and other places in Nepal [45].

2.2. On-Site Measurement

The indoor and outdoor measurements of environmental quantities such as air tem-
perature, globe temperature, and relative humidity were measured continuously in the
classrooms of all buildings from 21 May to 12 July 2019 (from 29 May for S1). Figure 3
shows representative views of the setup instrument in the classroom for the measurements.
Before beginning the survey, instruments with data loggers were set up and students were
instructed not to interfere with the setup devices. The data were measured at 10 min
intervals. The indoor measurement was performed in the middle of each classroom away
from the doors and windows at a height of approximately 1.1 m [33]. The outdoor sensors
of the data logger were protected from the effects of solar radiation and moisture sources
around them. Table 3 lists the properties of the digital data loggers that were used in the
study. The black-painted globe thermometer with a 75 mm diameter has a higher response
time for temperature measurement and was therefore used in this study [6].

2.3. Thermal Comfort Survey

In addition, the thermal responses were determined based on thermal measurements.
A total of 246 students, 40% male (n = 101) and 60% female (n = 145) of the age group
12–18 years, participated in the survey. The average height and weight were 1.5 m (male:
1.54 m and female: 1.48 m) and 42.6 kg (male: 43.5 kg and female: 42 kg), respectively.
Altogether, seven classrooms were visited in three school buildings during the study.
Students from Grade 9 and 10 participated in the case study building (S1), with 19 and
14 students accommodated, respectively. A seven-point thermal sensation scale and five-
point preference scale with Nepali language translation was used for ease of response. The
Nepali translation was previously validated in a study [81] and has been used widely in
other studies conducted in Nepal [20,45,82,83]. We asked the students about their thermal
sensations and preferences, as shown in Table 4. The students voted three times, as shown
in Figure 4, and 737 responses were collected per question. Voting occurred in a sedentary
condition without disrupting the normal lesson.
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internal view of the case study classroom, which is represented by zone 3 during the simulation; 
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Dhading

Kathmandu

China

India

Himalaya region, cold climate (3000-8848m)

Hilly region, temperate climate (600-3000m) 

Terai region, sub-tropical climate (70-600m)

N

40 m

•Case study Building (S1)

(located in Kathmandu)

Figure 2. (a) Location of the study area; (b) satellite image of the case study school building (S1);
(c) internal view of the case study classroom, which is represented by zone 3 during the simulation;
and (d) external view of S1. The building S1 is elevated above sea level at 1345 m and has a temperate
climate. The location of the school building is 27.77348◦ N and 85.33081◦ E.

2.4. Comfort Index for Analysis

Measuring the indoor air temperature or mean radiant temperature (MRT), is not
sufficient to determine the overall thermal environment and comfort level within a space.
This is because these factors do not consider other important aspects of the thermal envi-
ronment such as heat exchange, conduction, convection, and the effect of air velocity. All
these factors can have an impact on thermal comfort and must be considered to accurately
evaluate the indoor thermal environment. As a result, another decisive index, known as
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“operative temperature”, is required, which is a function of air temperature and mean
radiant temperature, and is calculated using the following equations [20,45,84]:

Tmrt = [(Tg + 273)4 + (1.1 × 108 × Va
0.6 × εD−0.4) (Tg − Ta)]0.25 − 273 (1)

Top = (Ta + Tmrt)/2 (2)

where Tg is globe temperature (◦C); Ta is indoor air temperature (◦C), Va is air velocity
(m/s), ε: is emissivity (=0.95 for a black globe), and D is diameter (=0.075 m for a globe).
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Figure 3. Internal view shows the position of digital instruments with data loggers: (a) S1; (b) S2;
and (c) S3.

Table 3. Properties of the data logger used.

Description Temperature–Humidity Sensor (TR-74Ui) Globe Thermometer
(TR-52i)

Anemometer
Kanomax 6501

Sensor Thermistor Polymer-resistance Thermistor Hotwire
Measurement range 0 to 55 ◦C 10 to 95%RH −60 to 155 ◦C 0.01 to 5 m/s

Accuracy ±0.5 ◦C 5%RH [at 25 ◦C,
50%RH] ±0.3 ◦C ±0.02 m/s

Measurement resolution 0.1 ◦C 1%RH 0.1 ◦C 0.01 m/s

Responsiveness Response time (90%):
Approx. 7 min

Response time (90%):
Approx. 7 min

Response time (90%):
Approx. 80 s in air

Response time (90%):
Approx. 7 s
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Table 4. Scales used for questionnaire survey.

Scale Assigned Thermal Sensation Thermal Preference

1 Very cold Much warmer
2 Cold A bit warmer
3 Slightly cold No change
4 Neutral A bit cooler
5 Slightly hot Much cooler
6 Hot
7 Very hot
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Moreover, the adaptive comfort model suggests judging the indoor thermal comfort
of a naturally ventilated space using operative temperature [85]. We measured the air
velocity only during the voting time, so the operative temperature could not be calculated
for the whole-day lesson period. Using the voting time measurements of indoor air
temperature, indoor globe temperature, and air velocity on the survey day (28 May) in
S1 building, the operative temperature was calculated. Figure 5 shows the correlation
between the indoor globe and operative temperature, which indicates that they are equal.
Bradshaw [86] reported that the globe temperature is approximately the same as the
operative temperature. Kazkaz and Pavelek [87] found that the globe temperature is equal
to the operative temperature (less than 0.6 K) in the range of air velocities higher than
0.2 m/s and the difference in MRT and air temperature is less than 10 K. This implies
that globe temperature and operative temperature can be used interchangeably. The
differences in MRT and air temperature in the case study classroom at 11:00, 13:00, and
15:00 were 0.2 ◦C, 2.2 ◦C, and 0.3 ◦C, where the five-minute average air velocity was
recorded automatically by the data logger as 0.20 m/s, 0.32 m/s, and 0.38 m/s, respectively.
Many studies [82,88] found that the globe and operative temperatures were numerically
equal; therefore, we chose the operative temperature for the thermal comfort analysis.

2.5. Simulation

Many building simulation software packages have been developed. Of these, this
study used DesignBuilder in conjunction with EnergyPlus, one of the most recognised
building energy and thermal performance simulation software programs, as an environ-
mental analysis software to design buildings and carry out the simulation [89]. This is a
powerful building simulation program that facilitates a three-dimensional (3D) graphical
interface for EnergyPlus, which is used to model whole-building energy use, climate condi-
tions, and thermal loads. Input data are inherited from the level above it in the hierarchy:
block data from the building level, zone data from block data, and surface data from zone
data [89]. This mechanism makes it easy to change the setting at any level but not in the
reverse order. Weather data for a particular year cannot better predict future conditions
because the weather varies from year to year. Meteorological data from multiple years have
been compiled into a Typical Metrological Year (TMY), which is used in DesignBuilder.
The Energy Plus Weather (EPW) data file of Kathmandu (Tribhuvan International Airport
Station) was loaded into the software and used for the simulation. The case study building
was located approximately 8 km from the weather station. Figure 6 shows the monthly
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mean (dry-bulb and dew point) outdoor temperature, wind speed, and solar radiation
of Kathmandu obtained from the weather data file. Maximum airspeed was observed
from March to June. The maximum diffuse and direct solar radiation were 95 kW/m2

and 175 kW/m2, respectively. The simulated data were analysed by exporting them to
a spreadsheet.
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Figure 5. Relationship between calculated operative temperature and measured globe temperature.

2.6. Base Case Model

Figure 7 shows a 3D view of the simulated building (S1) and classroom (zone 3)
generated in DesignBuilder using the collected information. Figure 7a shows the sun
path around the simulated school building, whose main axis is oriented towards the south.
Table 5 lists the characteristics and properties of building materials. The wall was composed
of two layers: a cemented bonded outermost layer and an innermost layer. The pitched
roof (corrugated) was fabricated of a zinc sheet with a thickness of 3 mm, and the roof
was supported by an iron truss. The height of the pitched roof was set at 80 cm from
the wall level. The ceiling was finished with plywood with a thickness of approximately
18 mm. The outermost layer of the floor was fabricated of cement/plaster/mortar. The
partition wall was plastered on both the sides. The window wall ratio was kept at 20%,
and a single 6 mm thick clear glass was selected. Shading options were not used. All the
classrooms in this building have the same dimensions. A description of the simulated
classroom is provided in Table 6. The minimum fresh air ventilation of 8 l/(s·p) was chosen
as the recommendation of ASHRAE [90]. For airtightness, the minimum number of air
change rates (ACH) of 1 per hour was considered to represent the unintended airflow
through cracks. The ventilation was set to 59 ACH, which is the calculated value for the
same classroom in the authors’ previous study [33]. We scheduled the natural ventilation
ON for six days as the windows and doors were open, except Saturday. The lighting
was set to 347 lux, as we took the average value of the measurements in the simulated
school. Computers, office equipment, mechanical heating-cooling, miscellaneous, general
lighting, and domestic hot water (DHW) were turned off. The activity levels of reading and
sitting were chosen as the survey was conducted during regular lessons with no physical
activities, and the CO2 generation rate was set to its default value. All the above-mentioned
activities, materials, constructions, openings, and so on (Tables 5 and 6) were input into
the simulation software to generate the model, and base model zone 3 was selected for
further analysis. Only two classrooms, zone 3 and 4, were investigated in the case-study
building. Zone 2 was occupied for official purposes, which could have had a much higher
solar radiation impact than the remaining classrooms. As a representative, we chose zone
3, which represents middle classrooms.
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Figure 6. Monthly average values of climatic data in Kathmandu: (a) outdoor temperature and wind
speed and (b) direct normal and diffuse horizontal solar radiation.

2.7. Model Validation

The base model was validated using the measured globe temperature and simulated
operative temperature. Model accuracy was checked using the root mean square error
(RMSE) [30,56]. It measures the closeness between the measured and simulated data.
For the reliability of the simulated model, the mean absolute error (MAE) [56,63] and
standard deviation of the mean absolute error (MAESD) were employed [63]. Moreover,
the percentage error was used to check accuracy.

RMSE =

√
∑n

i=1
(
Topi − Tgi

)2

n
(3)

MAE =
∑n

i
∣∣Topi − Tgi

∣∣
n

(4)

MESD =

√
∑n

i
(∣∣Topi − Tgi

∣∣− MAE
)2

n − 1
(5)

where Top and Tg are the simulated operative temperature and the measured globe temper-
ature at time I, respectively, and n is the total number of datasets.
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Table 5. Building materials and their corresponding properties assigned for the model.

Component Description/Composition Thickness (mm) U-Value [W/(m2•K)]

External walls Brick + internal cement plaster 87 + 15 3.2
Internal partitions Cement plaster + brick + cement plaster 15 + 76 + 15 2.3

Floor Cement/plaster/mortar + brick + soil-earth + common 5 + 60 + 100 2.4
Ceiling Plywood 18 3.8

Roof Zinc 3 7.1
Glazing Clear glass 6 5.7

Table 6. Description of the simulated classroom.

Classroom Description Input Data

Floor area 11.78 m2 (3.1 m × 3.8 m)
Height 2.4 m

Window 1 0.91 m × 1.08 m (South)
Window 2 0.61 m × 0.30 m (North)

Door 0.76 m × 1.8 m (South)
Number of students 14
Occupancy density 1.6 students/m2

Minimum fresh air 8 l/(s·p)
Airtightness 1 ACH

Natural ventilation (windows, door) 59 ACH, 9:30 to 17:30

Occupied period Sunday to Friday, 9:30 to 17:30
No occupancy during break time

Activity level Seated

3. Thermal Comfort of Students
3.1. Measurement Thermal Environment during the Voting Time

Indoor and outdoor environmental quantities were measured and investigated to
observe their trends. The globe temperature was measured, which represents the combined
effect of radiation from the inner surfaces and convection of indoor air. The measured
indoor air temperature (Ta) and globe temperature (Tg) was similar and stable. Figure 8a
shows the overall regression relationship between the continuously measured indoor
globe temperature and outdoor air temperature (To) during voting time. The indoor globe
temperature was between 29.6 and 31.5 ◦C in S1, while the outdoor air temperature was
between 29.7 and 32.1 ◦C, which is higher than that of the other investigated buildings.
Both the indoor globe and outdoor temperatures showed similar variation trends. The dif-
fering temperatures among buildings are probably due to their architectural characteristics,
geography, climatic conditions, orientation, etc.

Figure 8b shows the overall regression relationship between the indoor (RHi) and
outdoor relative humidity (RHo). The indoors followed the outdoors. S1 and S3 have the
lowest and highest relative humidity, respectively, among all school buildings. The outdoor
relative humidity was between 24 and 44% and for indoors between 27 and 39% during
regular lessons of survey time in S1. These are correlated and similar to each other. This
confirms that the natural ventilation was effective.

3.2. Thermal Sensation, Preference, and Comfort Temperature

This section presents students’ perceptions of the indoor thermal environment men-
tioned in the previous section. Figure 9a,b show the overall distribution of the thermal
sensations and preferences of the students. This shows that 75.9% of the responses were
towards the hotter side (responses for 5. slightly hot, 6. hot, and 7. very hot), preferring a
cooler thermal environment. At neutral, there were few responses. The results showed that
63.6% of the responses fell within the central three categories (responses for 3. slightly cold,
4. neutral, and 5. slightly hot) in the comfort zone, which is representative of acceptance
and satisfaction. The responses of the students in the simulated school building showed
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that 88.7% of them were towards the hotter side. A total of 54.5% of the responses were
within the central three categories. Overall, the preference for “3. no change” was 21.8%.
A total of 75.8% responses indicated a preference for low temperatures. In the simulated
school building, 84.8% of students responded to a preference for cooler, with 15.2% for the
response 3. no change. A significant number of responses on the hotter side were related to
issues of thermal comfort and environment in school buildings. The indoor temperature
should be improved to improve the responses of the students towards the comfort zone.
Statistically, no significant differences were observed between males and females in their
sensations and preferences.
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Figure 8. Measurement during the voting time in S1, S2, and S3 buildings: (a) indoor globe and
outdoor air temperatures and (b) indoor and outdoor relative humidity.

The comfort temperature, based on the thermal sensation and measured indoor globe
temperature, was estimated using the Griffiths method with a constant of 0.50 [45,91]. The
estimation method is as follows:

Tc = Tg + (4 − TSV)/a (6)

where Tc is the comfort temperature (◦C), Tg is the indoor globe temperature during the
voting time (◦C), TSV is thermal sensation vote, and a is a constant (a = 0.50, corresponding
to a change in one subjective category per 2 ◦C change in globe temperature).

Figure 9c shows the distribution of the estimated comfort temperature with an average
of 26.9 ◦C. S1 in Kathmandu has a higher average comfort temperature at 28 ◦C than S2
and S3 at 27.5 ◦C and 25.5 ◦C, respectively. S3 was significantly lower than that of the
remaining samples. Male and female average comfort temperatures were 27.2 ◦C and
26.7 ◦C, respectively, with no significant gender difference found overall. The estimated
comfort temperatures were mostly between 25 ◦C and 29 ◦C, but they had a wide range
overall. These findings are close to the studies conducted in naturally ventilated school
buildings during the hot seasons [42,45,47]. The students perceived a comfort temperature
owing to their greater adaptation status and tolerance to the indoor thermal environment.
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4. Thermal Improvement of the Classroom Based on Simulation
4.1. Daily Variation in the Indoor and Outdoor Air Temperatures

Figure 10 shows the continuously measured indoor air temperature, globe temperature,
and outdoor air temperature variations in the case study classroom (zone 3) for seven days.
The indoor air and globe temperatures did not differ significantly and were quite similar
on all seven days. However, the outdoor air temperature variations were slightly sharper
than the corresponding indoor air and globe temperatures. Both the indoor and outdoor
temperatures showed similar fluctuation patterns, with the highest temperature peaks
occurring during the day. Indoor fluctuations were probably because there was not much
effective thermal capacity of building materials or ventilation effect. The figure confirms
that the maximum indoor temperatures that follow the outdoor air temperature begin to
occur after 12:30, which is approximately 30 ◦C, and after a certain time, the temperature
decreases. Furthermore, the outdoor air temperature amplitude during the day reaches
a maximum of more than 35 ◦C, whereas it reaches a minimum of less than 20 ◦C at
night. There are cases where the differences between the indoor globe and outdoor air
temperatures were 5.4 ◦C during the daytime.
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Figure 10. Variation in measured indoor and outdoor temperatures in zone 3 of the S1 school building
over a week (2019).

The average comfort temperature, as found in Section 3.2, was 26.9 ◦C. The average
comfort temperature appears to be close to both the average school-hour (10:00–16:00)
indoor air temperature (28.0 ◦C) and the globe temperature (28.1 ◦C). However, the indoor
globe temperatures are higher than 28.0 ◦C, and improvement is needed to reduce them.

4.2. Validation of the Base Model

Simulations were performed for one week, but for the purpose of validation and
analysis, we focused on one day in this study as a representative example. As shown in
Figure 10, environmental measurements were taken continuously starting on 29 May, and
the devices were allowed to adjust to the classroom environment for a week. From 30 May to
4 June, and on other days, the maximum temperature was approximately 29 ◦C. Therefore,
we chose June 4th as the hottest day for further analysis and validation. Furthermore,
on 4 June we observed a high accuracy of the simulated operative temperature with the
measured globe temperature among the simulated days. The base model was validated
using the measured globe and operative temperatures simulated using the simulation
results of zone 3. The simulation was performed for multiple days, but the simulated
temperature on 4 June was used for the model validation. Figure 11 shows the variation
and relationship between them for a given day. Good agreement was found between the
measured globe temperature and the simulated operative temperature, with a correlation
coefficient of 0.96. The RMSE value was 0.074 ◦C. A mean absolute error (MAE) of 0.70 ◦C
with a standard deviation of MAE of 0.55 ◦C was found, which shows the reliability of
the simulated operative temperatures. Furthermore, the good agreement, with an average
percentage error of 2.8%, is comparable to previous studies [32]. This confirms that the
base model is applicable for investigating the operative temperature according to the
passive design.

As discussed in the previous sections, students experienced thermal discomfort at high
temperatures. Therefore, the following sections analyse how to reduce such discomfort by
reducing high temperatures through use of passive design strategies, using the simulation
results for zone 3 in the S1 school building in Kathmandu. The strategies such as natural
ventilation, thermal insulation, and thermal mass, can be used as retrofit in practical
situations or before construction. Individually, each strategy was investigated separately
while keeping the other components unchanged. Subsequently, their impacts on the
operative temperature were analysed to identify the optimum case for each strategy. The
strategies were applied at the whole-building level, but we only analysed the simulated
classroom (zone 3). We selected affordable passive refurbishment expanded polystyrene
(EPS), glass wool (GW) as an insulating material, and cast concrete as a thermal mass for
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improvement, considering that they are found at the local level in the study area. The
simulation was run at 10 min intervals.
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Figure 11. Validation of the base model: (a) variation (b) relationship between the measured globe
and simulated operative temperatures on 4 June 2019. A few other studies [67,92] used measured
indoor air temperature and simulated operative temperature to validate models.

4.3. Natural Ventilation in Terms of Number of Air Change Rate

The only way to keep an indoor environment cool in the absence of temperature or
humidity control and prevent overheating is by providing natural ventilation [93]. Sufficient
airflow can ensure good ventilation in indoor spaces, such as classrooms, depending on
building orientation and window position. This makes the students feel more comfortable
and maintains indoor air quality by increasing wind speed during school hours [47]. In the
base model, 59 ACH was used for natural ventilation, which is the average ACH value for
the classroom estimated in our previous study [33]. However, the time-variant ACH was
estimated, and the range of ventilation for the classroom was 47.8–99 ACH. A numerical
simulation method was developed based on the transient mass balance to estimate the
ACH. Such high ventilation is probably due to the buoyancy effect and size of the room.
The heat generated inside the classroom is not only due to solar radiation but also from
the students, and this results in a temperature difference inside the classroom indicating
that there is an effect of buoyancy in addition to cross ventilation. The air heated by the
bodies of students, which is less dense and creates low pressure, rises and escapes from
the window located at the upper part. The cooler air is sucked from the opening below
or from the window on the opposite side from outside. This effect must have led to the
high ACH. According to one study [94], different heights of windows at different positions
create a significant buoyancy effect on ventilation, resulting in higher ventilation. They
found that 45% and 100% of openings on opposite sides at different heights had a higher
ACH. Furthermore, when the window openings are stacked one over the other, there is a
greater chance of an air current short circuit occurring. This may create a high ventilation
rate without sufficient mixing of the outdoor air throughout the room.

As mentioned in Table 6, the width of the case study classroom is just 3.8 m, and the
classroom has a small volume. As a result, the air exchange takes less time. This can be
confirmed by the measured five-minute mean air velocity (0.20 to 0.38 m/s during the
regular lesson, as mentioned in Section 2.4). For these reasons, ACH is high in classrooms.
Table 7 summarises the ACH used to maintain the summer indoor temperatures found in
previous studies [33,75,80,95–99]. An ACH of 42–73 h−1 was found in a study conducted
in traditional houses in Nepal for winter indoor thermal improvement during the day [75].
According to a study conducted by Chaulagain et al. [95] in twenty-five typical residential
buildings in Nepal, an average ACH of 55.5 was obtained under natural ventilation at 50 Pa
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using the fan pressurisation method. Tong et al. [80] found that natural ventilation could
reach up to 91 ACH in a free-running room, which is suitable for maintaining indoor air
temperature. Yik et al. [96] found that in a well-ventilated indoor space with approximately
50 ACH, the indoor air temperature could be maintained below 28 ◦C without cooling. Park
et al. [98] and Aguilar et al. [99] found that natural ventilation was greater than 20 ACH in
educational buildings during the summer.

Table 7. Summary of ACH and its range in previous studies conducted in various indoor spaces.

References Country Climate Zone Season Building Type Method ACH ACH Range

Shrestha et al. [33] Nepal Temperate Summer School Estimation 59 47.8–99
Rijal and Yoshida [75] Nepal Temperate Winter Residential Simulation - 42–73
Chaulagain et al. [95] Nepal - - Residential Experiment 55.5 10.4–120.7 *

Tong et al. [80] Singapore Tropical November Residential Simulation 91 -
Yik et al. [96] China Hot-humid Summer Residential Simulation 50 ** -
Jin et al. [97] China Subtropical - Hospital Simulation - 30–160

Park et al. [98] South Korea Humid continental Summer School Estimation - 2.13–22.4
Aguilar et al. [99] Portugal, Spain Hot, warm–dry March–July University Estimation - 2–21.1

* Brick masonry in cement mortar (BMC) and stone masonry in mud mortar (SMM) buildings, ** summer energy
savings ventilation rate.

A series of air change rate (ACH) values of 20, 40, and 80 were applied to investigate
the impact of ventilation on the operative temperature. Figure 12 shows that the operative
temperature decreased as the ACH increased and became minimal beyond 59 ACH, mainly
during the daytime. The maximum temperature for 80 ACH was approximately 1 ◦C
lower than that of the base model. Owing to the high ACH, the heat in the classroom is
carried away from the inner walls or ceilings by convection, thereby lowering the MRT
and weakening the heat storage. Consequently, the operative temperature is lowered,
which improves the perception of thermal comfort among students. Furthermore, the
cooling effect of night ventilation can also reduce the indoor temperature of the following
day. For security reasons, it may not be possible to leave the windows open during the
night. A study conducted in a multi-storey school building in Japan found that the natural
ventilation strategy effectively reduced energy use by approximately 30% compared with
the mechanical ventilation [100].
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4.4. Thermal Insulation
4.4.1. Thermal Insulation in the External Wall

Insulation maintains an indoor temperature reduction, minimising the heat flow
through walls and roofs exposed to direct sunlight during the summer. Well-insulated
buildings reduce the transmission of heat flow rates, lower the thermal conductivity, and
result in a more comfortable indoor thermal environment. It is said that insulation applied
externally to an external wall is superior to that applied internally [101,102]. With the
same thermal insulation, high thermal inertia tends to maintain a low MRT; therefore,
it can improve the thermal comfort during summers [38]. Lu et al. [101] found that the
outer insulation appears to be more effective than the inner insulation with the same
thermal resistance. Kolaitis et al. [102] found in a numerical study that external insulation
saves approximately 8% more energy than internal on an annual basis. Furthermore,
Carbonari [71] found through a case study and simulation that external insulation always
performs well.

Various thicknesses of EPS (lightweight) were applied to investigate their effects on
operative temperature. It was applied to the external wall surfaces of various thicknesses,
as shown in Table 8, and plastered on the external surface with gypsum of thickness 15 mm.
In a real construction, a metal latch was placed over the EPS board, but it was kept constant
during the simulation. Figure 13 shows the fluctuations in the operative temperature
after thermal insulation. Thermal insulation with various thicknesses resulted in a low
operative temperature because of the low total U-value compared with the base model
(3.2 W/(m2·K)). As expected, the thicker the EPS insulation on the walls, the lower the
U-value. This was due to a decrease in thermal conduction towards the interior surfaces of
the walls. The maximum operative temperature for EPS 200 mm was 1.7 ◦C lower than
that for the base model. This analysis indicates that the indoor temperature can be reduced.

Table 8. External wall insulation fabricated of expanded polystyrene (EPS) and their thermal properties.

EPS Thickness (mm)
U-Value [W/(m2·K)]

Base Model Improved Model

50 3.2 0.71
100 3.2 0.40
150 3.2 0.28
200 3.2 0.21

The U-values refer to the values assigned by the simulation software (version 6.1).
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4.4.2. Thermal Insulation in the Pitched Roof

Buildings with large roofs experience significant heat gains and losses [74]. In summer,
the roof receives a longer, more intense, and higher amount of solar radiation owing
to the path of the sun (Figure 7a), which creates the worst indoor thermal conditions.
Because the simulated building has a pitched zinc roof, its U-value is higher than that of
the other components owing to its lower insulating property. Consequently, more heat
is transmitted through the roof and attic, as well as through the indoor space, becoming
warmer throughout the day. Therefore, this section discusses the effects of insulation on
the zinc roof to address this issue. Glass wool (GW) of various thicknesses was applied.
Table 9 lists the roof properties for each case. GW insulation was applied internally below
the pitched zinc roof, keeping the other structure constant. Figure 14 shows the impact
on the operative temperature after applying various thicknesses of insulation to the inner
surface of the pitched zinc roof. The maximum operative temperature for a GW of 200 mm
is 2.0 ◦C lower than that for the base model. Even though the operative temperature was
reduced, a time lag was observed around 17:00. The effect of the GW 200 mm insulation was
higher than that of the other cases. Consequently, as the insulation becomes thicker, lower
operative temperatures can be achieved during the day. According to Alghamdi et al. [2],
the proper construction of roof reduced the operative temperature by 20% by lowering
the U-value from 6.22 to 0.24 W/(m2·K), resulting in 3.25 times fewer thermal discomfort
hours for students.

Table 9. Zinc roof insulation fabricated of glass wood (GW) and their thermal properties.
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200 7.1 0.20

Energies 2023, 16, 1251 24 of 34 
 

 

Table 9. Zinc roof insulation fabricated of glass wood (GW) and their thermal properties. 

GW Thickness (mm) 
U-Value [W/(m2·K)] 

Base Model Improved Model 

50 7.1 0.72 

100 7.1 0.38 

150 7.1 0.26 

200 7.1 0.20 

 

Figure 14. Impact on operative temperature due to pitched roof insulation using glass wool (GW). 

4.4.3. Thermal Insulation over the Plywood Ceiling 

There are several ways and types of providing insulation below the rafters that min-

imise and prevent thermal bridges and stabilise the indoor temperature. The simulated 

building only had 18 mm of white-painted plywood below the pitched roof as its ceiling. 

Subsequently, we applied 50–200 mm of lightweight EPS (Table 10). It was applied on the 

outer side (pitched roof face) of the ceiling. Figure 15 shows the operative temperature 

fluctuation after applying insulation above the plywood ceiling. For the 50 mm EPS, the 

effects on the operative temperature were minor. This might be because 18 mm of light-

weight plywood was used as the thermal insulating material. However, for the 100 mm, 

150 mm, and 200 mm EPS, the temperature was reduced during the day. The maximum 

operative temperature for EPS-200 mm was 2.2 °C lower than that for the base model. In 

particular, during the daytime, owing to high solar radiation, the zinc roof is heated, and 

ultimately the inner roof surface temperature increases. The results showed that if a suit-

able insulation material was used, such as EPS, then the temperature indoor scan can be 

reduced during the day. 

Table 10. Ceiling insulation fabricated of expanded polystyrene (EPS) and their thermal proper-

ties. 

EPS Thickness (mm) 
U-Value [W/(m2·K)] 

Base Model Improved Model 

50 3.8 0.74 

100 3.8 0.41 

150 3.8 0.28 

200 3.8 0.22 

18

20

22

24

26

28

30

32

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00

O
p

er
a

ti
v

e 
te

m
p

er
a

tu
re

 [
 C

]

Time

Base model

Glass wool 50 mm

Glass wool 100 mm

Glass wool 200 mm

Figure 14. Impact on operative temperature due to pitched roof insulation using glass wool (GW).



Energies 2023, 16, 1251 24 of 33

4.4.3. Thermal Insulation over the Plywood Ceiling

There are several ways and types of providing insulation below the rafters that min-
imise and prevent thermal bridges and stabilise the indoor temperature. The simulated
building only had 18 mm of white-painted plywood below the pitched roof as its ceiling.
Subsequently, we applied 50–200 mm of lightweight EPS (Table 10). It was applied on the
outer side (pitched roof face) of the ceiling. Figure 15 shows the operative temperature fluc-
tuation after applying insulation above the plywood ceiling. For the 50 mm EPS, the effects
on the operative temperature were minor. This might be because 18 mm of lightweight
plywood was used as the thermal insulating material. However, for the 100 mm, 150 mm,
and 200 mm EPS, the temperature was reduced during the day. The maximum operative
temperature for EPS-200 mm was 2.2 ◦C lower than that for the base model. In particular,
during the daytime, owing to high solar radiation, the zinc roof is heated, and ultimately
the inner roof surface temperature increases. The results showed that if a suitable insulation
material was used, such as EPS, then the temperature indoor scan can be reduced during
the day.

Table 10. Ceiling insulation fabricated of expanded polystyrene (EPS) and their thermal properties.

EPS Thickness (mm)
U-Value [W/(m2·K)]

Base Model Improved Model

50 3.8 0.74
100 3.8 0.41
150 3.8 0.28
200 3.8 0.22

Energies 2023, 16, 1251 25 of 34 
 

 

 

Figure 15. Impact on operative temperature due to ceiling insulation using expanded polystyrene 

(EPS). 

4.5. Thermal Mass in External Walls 

This section analyses the impact of cast concrete as a thermal mass with different 

thicknesses employed for thermal improvement. Table 11 lists the cast concrete thickness 

and U-value of the improved wall. Figure 16 shows that the use of cast concrete (dense) 

as a thermal mass in external walls reduces the operative temperature. At 14:00, the max-

imum operative temperature is lowered by 2.4 °C more than the base model for cast con-

crete (150 mm). The impact of a thicker thermal mass has less swing than a low-thermal 

mass impact on the operative temperature, which follows the pattern of the outdoor air 

temperature. The operative temperature is shifted to a later time (thermal lag), which is 

due to the storage of heat in the walls and increases the time of heat transfer from the 

outside to the inside. Figure 16 shows that the temperature was high after 16:00, which is 

almost the end of the lectures in the school. Zahiri and Altan [31] suggested using a thick 

heavyweight thermal mass to reduce indoor air temperature in the warm season. Su et al. 

[38] found that adding thermal mass to an envelope can not only increase the winter in-

door mean air temperature by more than 18 °C but can also reduce the fluctuation of in-

door air temperatures and relative humidity in classrooms. Kuczynski et al. [103] found 

that increasing the thermal mass without night ventilation resulted in a reduction in the 

maximum daytime indoor temperature by 4.1–4.6 K. A bioclimatic study conducted in 

India [24] found that effective passive cooling is due to the thermal mass in temperate 

climates, where the results of this study also agreed. 

Table 11. Thermal mass applied to the base case and their thermal properties. 

Cast concrete Thickness (mm) 
U-Value [W/(m2·K)] 

Base Model Improved Model 

100 3.2 2.6 

200 3.2 2.2 

300 3.2 1.9 

18

20

22

24

26

28

30

32

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

O
p

er
a

ti
v

e 
te

m
p

er
a

tu
re

 [
 C

]

Time

Base model

EPS 50 mm

EPS 100 mm

EPS 150 mm

EPS 200 mm

Figure 15. Impact on operative temperature due to ceiling insulation using expanded polystyrene (EPS).

4.5. Thermal Mass in External Walls

This section analyses the impact of cast concrete as a thermal mass with different
thicknesses employed for thermal improvement. Table 11 lists the cast concrete thickness
and U-value of the improved wall. Figure 16 shows that the use of cast concrete (dense)
as a thermal mass in external walls reduces the operative temperature. At 14:00, the
maximum operative temperature is lowered by 2.4 ◦C more than the base model for cast
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concrete (150 mm). The impact of a thicker thermal mass has less swing than a low-thermal
mass impact on the operative temperature, which follows the pattern of the outdoor air
temperature. The operative temperature is shifted to a later time (thermal lag), which is
due to the storage of heat in the walls and increases the time of heat transfer from the
outside to the inside. Figure 16 shows that the temperature was high after 16:00, which
is almost the end of the lectures in the school. Zahiri and Altan [31] suggested using a
thick heavyweight thermal mass to reduce indoor air temperature in the warm season.
Su et al. [38] found that adding thermal mass to an envelope can not only increase the
winter indoor mean air temperature by more than 18 ◦C but can also reduce the fluctuation
of indoor air temperatures and relative humidity in classrooms. Kuczynski et al. [103]
found that increasing the thermal mass without night ventilation resulted in a reduction in
the maximum daytime indoor temperature by 4.1–4.6 K. A bioclimatic study conducted
in India [24] found that effective passive cooling is due to the thermal mass in temperate
climates, where the results of this study also agreed.

Table 11. Thermal mass applied to the base case and their thermal properties.

Cast Concrete
Thickness (mm)

U-Value [W/(m2·K)]

Base Model Improved Model

100 3.2 2.6
200 3.2 2.2
300 3.2 1.9
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4.6. Integrated Optimum Model

This study used the optimum design technology concept to investigate the effect of
each passive design strategy on the thermal conditions (operative temperature) that are
feasible, effective, and practical for application in existing and new school buildings. In-
creasing the insulation thickness or thermal mass can be effective in reducing the operative
temperatures. However, it reduces the classroom area, and thus, the optimal selected case
might be appropriate for improving the models. Therefore, this section investigates the
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impact of combined optimal passive strategies. They were selected from the previously
analysed sections based on their maximum impact on reducing the operative temperature.
Table 12 lists the optimal design cases for each strategy selected for the integrated design.
Figure 17 shows the operating temperature of the integrated optimum model. The analysis
showed that the maximum operative temperature decreased by 3.3 ◦C. The operative
temperature was maintained at 24.6 ◦C at 10:00 and 26.7 ◦C at 16:00, showing that they
fell within the 90% acceptability limits according to the ASHRAE adaptive standard [104].
Even at night, around 00:00–9:00, the operative temperature was lower than approximately
22.5 ◦C. Kuczynski et al. [103] also found that the combined effect of thermal mass, ventila-
tion, and blind control resulted in lowering the temperature below the maximum limit by
7.4 K during summer. Zahiri and Altan [31] found that the combined optimum factors from
the passive design strategies of orientation, shading, thermal mass, natural ventilation,
and insulation decreased the indoor air temperature by approximately 5 K. Kang et al. [17]
found that the integration of passive and active strategies in a Korean school building re-
duced the energy consumption to 21.82 kWh/(m2·year), which is close to the approximate
energy-saving rate of 51%.

Table 12. Structure of the base model and the integrated model.

Passive Design Strategy Base Model Integrated Model

Natural ventilation 59 ACH 80 ACH
External wall insulation 102 mm Brick, internal cement plaster 200 mm EPS

Ceiling insulation Plywood 18 mm 200 mm EPS
Pitched roof insulation Zinc sheet 3 mm 200 mm GW

Thermal mass 102 mm Brick, internal cement plaster 300 mm Cast concrete
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5. Overall Discussion

This section presents discussions on the perceived thermal comfort of students and
the improved operative temperature, as presented in Sections 3 and 4. The indoor globe
and air temperatures were very close and did not vary significantly when the outdoor air
temperature was correlated with the indoor temperature, as shown in Figure 8a. Within this
context, almost 63% of the students evaluated their responses in the central three categories
according to ASHRAE 80% acceptability [104], and the remaining responses indicated that
they were in discomfort and wanted improvement or more accessible adaptive behaviour.
Using the thermal perceptions of the students, their respective comfort temperatures were
calculated. The average globe and air temperatures were very close to the estimated
average comfort temperature during school hours. The average comfort temperatures in
the three schools differed slightly from each other. Rijal [105] also found a similar trend in
the results within the same area in the extremely cold climate of Nepal, which was due to
the exposed indoor temperature. However, the average comfort temperature in this study
is close to the results of previous studies conducted under naturally ventilated conditions.
Singh et al. [4] concluded that outdoor climatic conditions have a strong impact on indoor
comfort temperatures, which are higher in the summer than in winter. Shrestha et al. [45]
found that the students’ comfort temperature is higher and wider under the condition of
natural ventilation in similar types of schools in the temperate climate of Nepal.

We simulated the indoor operative temperature by using various passive design
strategies to determine the optimum case for each strategy. We employed passive designs
that were practical for school buildings. If the improvements using individual passive
designs are made, the maximum indoor operative temperature is found to be lowered by 1
to 2.4 ◦C from the base model and by 3.3 ◦C using the integrated optimum model. Figure 18
shows the impact of each strategy, quantifying how each passive strategy impacts the
operative temperature during the main lecture time from 10:00 to 16:00. An improvement
in the temperature was observed for the integrated case compared with the base model and
a few other individual design strategies alone. The operative temperature is improved and
maintained close to or below the comfort temperature of 27 ◦C, as discussed in Section 3.2.
This indicates that the temperature was within the acceptable limit after the integrated
design was allowed.
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Previous simulation studies on school buildings also found a similar trend of reduction
in indoor temperature when passive design strategies were employed [31,39,55,57]. Boutet
and Hernández [56] found a reduction in indoor air temperature of up to 6 ◦C. An experi-
ment in a naturally ventilated Indian school by Garg et al. [58] found that a cool roof coating
improves the indoor air temperature by 1.5 to 2 ◦C. Park et al. [27] found that the retrofitting
technology improves the thermal comfort of students by 34%. The zinc-roofed building
creates the worst indoor thermal conditions during winter nights and summer days. In
a simulation model of temporary zinc shelters in Nepal, Thapa et al. [106] found that by
reducing the U-value of walls and roofs and adding insulation, such as clothes and cellular
polyethylene foam, the indoor air temperature can be maintained above 11 ◦C. Another
study by Shahi et al. [20] in residential buildings in Nepal found that the improvement of
insulation and reduction in air leakage increased the indoor air temperature by 1.1–1.8 ◦C
during winter. Therefore, the results and discussions above showed that the operative
temperature obtained after using the passive design strategy would be acceptable to the
students during the school hour which improves the thermal comfort.

Several studies have been conducted in free-running or naturally ventilated school
buildings in various climates to assess the adaptability of students’ thermal comfort. From
the above discussions, it can be confirmed that, by using passive design technology, it is
possible to create a better, liveable, and more easily adaptable indoor temperature without
using mechanical equipment that uses electricity or other types of energy sources. To
compensate for the heating or cooling demand, adaptation to the environment created
by passive design strategies is the best solution. Therefore, the improvement in indoor
temperature using passive design is connected to providing sufficient thermal comfort
conditions and rational energy-saving potential [74,107].

However, future studies should be conducted with caution. In Nepal, there are various
types of schools with different designs because there is no strict design standard. Therefore,
further studies are needed to identify the optimum and integrated cases for application in
real design. It is recommended to conduct further research on other types of modern and
multi-storey school buildings because this study was conducted for a specific type of school
building. However, the methods employed can also be applied to other buildings and
climates with similar characteristics. In general, the analysed strategies and their impacts on
the indoor thermal environment are understood, but other measures of strategizing, such
as window wall ratio (WWR), shading, glazing, etc., require further study to determine
their impacts and hold scope for future research. The model was validated using the
measured globe temperature and the simulated operative temperature. If we validated
this with simulated air or radiant temperature, the result would be different. Thermal
comfort was explained using the operative temperature, which could be different if we use
air temperature or radiant temperature alone. The analysis was focused on one day, and
the results would be different on cloudy summer days. The time lag owing to the effect
of the thermal mass has not been shown for multiple days. The aim of this study was not
to simulate and analyse the entire building for the whole year. However, energy-saving
and cost analyses have not been discussed. To reduce the indoor temperature, there may
be new generation thermal insulation materials with high reflection coefficients and high
reflection coatings. Studies on such materials should be conducted in the future.

6. Conclusions

This study investigates the impact of passive strategies on thermal comfort in a
naturally ventilated school building in Nepal through a field survey and simulations.
It shows how thermal comfort can be improved using passive design strategies during
summer. This concept can be used as a retrofit in case study buildings or similar types
of school buildings, and the concept should work for school buildings that are going to
be built in the future in study area or similar types of climates. The major findings are
as follows:
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1. The indoor globe temperature and outdoor air temperature were correlated. The
results showed that approximately 63% of the students perceived a hot environment as
preferring a cooler environment. Within this context, the average comfort temperature
for the summer was 26.9 ◦C;

2. The based model was generated and validated using the measured globe temperature
and simulated operative temperature. Subsequently, various types of passive strate-
gies were implemented to identify the optimum and integrated design conditions for
maintaining the operative temperature within acceptable limits. The individual simu-
lation results of each strategy showed that the operative temperature was improved
during regular school hours if passive design strategies were implemented, and the
temperature was maintained at approximately 28 ◦C;

3. The integrated design showed that the maximum operative temperature decreased by
3.3 ◦C and was maintained below 27 ◦C, which is the required comfort temperature
for students during the hot summer. Therefore, it would be wise to prioritize such
strategies to improve the thermal comfort in school buildings.

Therefore, selecting an appropriate passive design strategy during the design stage
or retrofitting it provides significant opportunities to maintain a comfortable thermal
environment and minimise the cost of energy use that is required to maintain a comfortable
indoor temperature. The findings of this study and passive cooling strategies can be
applied to similar types of school buildings in temperate climates. This study alone does
not provide all the necessary and sufficient information on passive design improvements
for thermal comfort conditions in naturally ventilated school buildings. Therefore, further
studies should be conducted in different seasons and climates to better understand the
impact of passive design improvements or the creation of comfortable environments in
Nepalese school building designs. However, we believe that the findings of this study will
lead to improvements in existing and new school buildings.
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