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ABSTRACT

Thermal and visual comfort play an important role in enhancing the health and
performance of both students and teachers in classrooms. Most Nepalese school
buildings are naturally ventilated with wooden shutters or open windows, whose
performance depends on external weather conditions. Daylighting and thermal comfort
are heavily influenced by these factors. Students spend about 20-30% of their daily time
in school. A poor indoor environment can negatively affect the academic performance
of students. Therefore, necessary actions must be taken to improve the thermal and
visual performance of schools. Limited research has been conducted on indoor

environmental quality related to thermal comfort in Nepalese school buildings.

A field investigation was carried out at Shree Balpremi Secondary School in
Madhyapur Thimi, Bhaktapur, involving temperature and daylight illuminance
measurements during January 2025, along with a student survey. From the field study,
the mean indoor temperature (16.4-17.1°C) is below the thermal comfort range for
Kathmandu's winter. From the data taken on March 7 at 4pm under an overcast sky, the

average illumination level of classroom 7 is 353 lux.

Design Builder Software was used to carry out the thermal and visual simulation
analysis and evaluate different window configurations of the base model. Results from
simulation analysis revealed that an optimized window wall ratio of 20% with the use
of insulation on walls and ceiling and changing window glazing can increase the indoor
temperature by 50°C. The average indoor temperature is 22.60°C, which meets the
threshold winter comfort temperature, i.e., 20.90°C(Shahi et al., 2021). Similarly
average illumination is 590 lux under the overcast sky which meets the daylight
standard. The study concludes that appropriate window configuration along with
insulation measures can help to balance the thermal and visual performance in the
classroom during the winter season. Further studies across different seasons should be
carried out and need to implement passive design strategies such as thermal insulation
and thermal mass along with window configuration that can help in thermal and visual

comfort.

Keywords: Thermal Performance, Visual Performance, Daylighting, Window

wall ratio
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CHAPTER 1: INTRODUCTION
1.1 Background

Thermal and visual comfort are important issues in school building design, as students
spend significant amounts of time indoors. Poor indoor conditions can have a negative
effect on the health and performance of both students and teachers. Occupants’
satisfaction inside the building depends on the environment within the building. An
appropriate indoor environment gives educational buildings a sense of space and
attractiveness and generates an impression of vitality and a general feeling of
satisfaction (Ashrafian & Moazzen, 2019). Building envelope is critical for energy
efficiency, as its thermal properties directly affect heating and cooling loads. Windows,
being weaker components of the envelope compared to walls, are more prone to heat
loss or gain, thus receiving significant attention for energy optimization strategies(Lu
etal., 2015).

Windows in schools play a key role in both thermal performance and visual comfort.
The physical and dimensional attributes of the window are responsible for the control
of solar radiation that enters the building, which directly affects the building's energy
consumption and indoor thermal comfort through the heat transfer process. In the case
of buildings, windows are designed primarily for functions like admittance of daylight,
cross ventilation, and connection between the outside and inside environments. Among
all the elements in facade design, the window-to-wall ratio (WWR) has a deep impact
on introducing the amount of daylight inside any room (Sangraula & Uprety, n.d.).
According to (Basnet & Uprety, n.d.) increasing the window wall area reduces the total
energy consumption for lighting but after certain window wall ratio, no reduction is

seen in lighting energy but the cooling energy of building is increased due to heat gain.

“Daylight in classrooms is a critical factor in school design in terms of its impact on
students’ health, learning, and visual performance. Among all the elements in facade
design, the window-to-wall ratio (WWR) has a deep impact on introducing the amount
of daylight inside any room (Sangraulaa & Uprety, 2020). Minimum and average
daylight factors for classrooms have been defined as 2% and 5%, respectively (Baker
& Steemers, 2014). Natural light is considered the primary source of light during the
day, with an average day light factor of 4-5%, whereas in the common teaching areas

of a school, a minimum illuminance of not less than 300 Ix is required (Meresi, 2016).



In Nepal, most of the educational buildings have limited natural lighting, affecting the
energy consumption and performance of students and teachers. After the 2015
earthquake, school buildings were design-based, meaning similar structures were
implemented across the country, regardless of whether the building’s climate,
materials, and layout were appropriate (Gautam & Bajracharya, 2021). New building
design generally does not consider climate-sensitive design strategies or apply any
energy-efficient technology because the government has not formulated any energy-
saving regulations (Bodach et al., 2016). Nepalese school buildings rely on natural
ventilation through windows and doors for airflow, daylighting, and thermal comfort.
Most windows have wooden shutters or are left open, with their performance largely
dependent on outdoor climatic conditions(Shrestha & Rijal, 2023a). Only a small
number of research has been undertaken on indoor environmental quality associated

with thermal comfort in Nepalese school buildings (Shrestha & Rijal, 2023a).

The primary aim of this study is to present a method for selecting optimal window
configurations for schools during the design stage, focusing on enhancing visual and
thermal comfort while promoting energy efficiency in cold climates. This study will
evaluate key design parameters, including window size, orientation, glazing type, and
daylighting strategies, with the objective of proposing context-specific
recommendations that balance thermal comfort, visual comfort, and energy efficiency.
The findings will contribute to sustainable school design practices, offering practical

solutions tailored to the needs of Nepal's cold climate.
1.2 Importance of Research

Students spend about 25-30% of their daily time in classrooms studying or engaging in
different academic activities (Giuli, Da Pos, & Carli, 2012). Natural daylighting in
classrooms plays a crucial role in school design, whose impact would be directly on
student and teacher health, learning, and visual performance, as well as energy
consumption. Moreover, effective use of daylight reduces the reliance on artificial
lighting, helping to cut down energy consumption and operational costs in school
facilities. In a global context, the educational building sector in developed countries in
North America, Europe, and so on used advanced artificial lighting and mechanical
ventilation for thermal comfort with the use of high energy consumption. However,
developing countries such as Nepal are still relying on natural ventilation for

daylighting and thermal performance (Lu et al., 2015b).In the case of Nepal, new
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building design generally does not consider climate-sensitive design strategies or apply
any energy-efficient technology because the government has not formulated any

energy-saving regulations (Gautam & Bajracharya, 2021).

This research aims to bridge this gap by analyzing how window design parameters,
particularly the window-to-wall ratio (WWR), influence both daylighting effectiveness
and thermal performance in classrooms. Through a combination of on-site data
collection and simulation studies, the research intends to generate practical insights that
can inform more climate-adaptive, energy-conscious school design. The findings are
expected to benefit architects, engineers, educators, and policymakers, encouraging
them to adopt passive design principles that enhance student well-being while reducing
energy demands. Ultimately, the study contributes to shaping future educational
infrastructure in Nepal that aligns with the goals of sustainability, comfort, and

academic excellence.
1.3 Problem Statement

An effective infrastructure, such as building envelopes with insulation, has not been
developed in most school buildings in Nepal that can maintain thermal comfort in
classrooms (Shrestha et al.,, 2021). These community-constructed buildings are
designed without engineering considerations, relying entirely on natural ventilation for
indoor climate control (Shrestha & Rijal, 2023a). According to the school sector
development plan 2016-2022 implemented by the Government of Nepal, the use of
passive design strategies has not been mentioned or encouraged for improving the
thermal environment and comfort of students in classrooms (Ministry of Education,
2016). So, school buildings in Nepal face significant challenges in maintaining indoor
comfort during winter, with classrooms often experiencing low temperatures and
insufficient daylight. According to (Gautam & Bajracharya, 2021) the opening of the
prototype or historical institution is opaque and the direction is random, which
generates insufficient light in the classroom and affects the physical and mental
existence of students and teachers. Relying on artificial lighting and heating solution to
the natural lighting can be uneconomical for developing countries like ours. Despite
being important role of windows configuration in regulating indoor thermal and visual
environments window design in Nepalese school buildings frequently lacks context-
specific considerations. Key factors such as window size, orientation, glazing type, and

daylighting strategies are often overlooked or inadequately addressed, resulting in

3



suboptimal thermal regulation and daylight penetration. Climate responsive strategy or
technology moving to energy efficiency aren’t employed in new building design in
Nepal, because the government hasn’t formulated any energy-building design in Nepal,
because the government hasn’t formulated any energy saving guidelines(Bodach et al.,
2016). Various research studies, such as (Lu et al., 2015b), (Ashrafian & Moazzen,
2019), (Zomorodian, Korsavi, Tahsildoost, et al., 2016) are conducted on the impact of
window configuration on the indoor learning environment, but in Nepal, only a few
research studies are conducted on window wall ratio and daylighting such as (Basnet &
Uprety, n.d.), (Shrestha & Rijal, 2023a), (Moktan & Uprety, 2023), (Gautam &
Bajracharya, 2021) leaving a gap in understanding how optimized window designs can
simultaneously reduce energy consumption and maintain comfort in thermal as well as
visual comfort. These gaps highlight the need for comprehensive research to explore
how window design strategies affect both thermal and visual performance in school

buildings.

This research aims to address these gaps by assessing the impact of window size,
orientation, glazing type, and daylighting strategies on thermal comfort and visual
performance. By answering key questions such as how different window configurations
affect indoor temperature and heating demand, how daylighting strategies can improve
visual comfort while reducing reliance on artificial lighting, and the energy-saving
potential of optimized window designs. The study will provide evidence-based design
recommendations for enhancing indoor environmental quality. Ultimately, this research
will offer practical solutions to reduce energy costs and create more sustainable,
comfortable learning environments in Nepalese schools, aligning with the broader goal
of improving educational infrastructure in energy-constrained regions.saving
guidelines (Bodach et al., 2016). Various research studies, (Lu et al., 2015b), (Ashrafian
& Moazzen, 2019), (Zomorodian, Korsavi, Tahsildoost, et al., 2016) are conducted on
the impact of window configuration on the indoor learning environment, but in Nepal,
only a few research studies are conducted on window wall ratio and daylighting such
as (Basnet & Uprety, n.d.), (Shrestha & Rijal, 2023a), (Moktan & Uprety, 2023),
(Gautam & Bajracharya, 2021) leaving a gap in understanding how optimized window
designs can simultaneously reduce energy consumption and maintain comfort in

thermal as well as visual comfort. These gaps highlight the need for comprehensive



research to explore how window design strategies affect both thermal and visual

performance in school buildings.

This research aims to address these gaps by assessing the impact of window size,
orientation, glazing type, and daylighting strategies on thermal comfort and visual
performance. By answering key questions such as how different window configurations
affect indoor temperature and heating demand, how daylighting strategies can improve
visual comfort while reducing reliance on artificial lighting, and the energy-saving
potential of optimized window designs. The study will provide evidence-based design
recommendations for enhancing indoor environmental quality. Ultimately, this research
will offer practical solutions to reduce energy costs and create more sustainable,
comfortable learning environments in Nepalese schools, aligning with the broader goal

of improving educational infrastructure in energy-constrained regions.
1.4 Objectives

The primary objective of this research is to explore how window design configuration

impacts indoor energy performance as well as visual comfort and daylighting.
Specific objective:

e To assess the impact of window configuration on thermal performance and
daylighting

e To determine the energy-saving potential of optimized window design
strategies in balancing thermal and visual performance.

e To assess the impact of window-wall ratio on thermal performance
1.5 Research Questions

How do window design strategies influence thermal and visual performance in

Nepalese school buildings during winter?
Sub Questions:

e How do various window sizes and location affect indoor temperature and
thermal comfort in winter?
e How can daylighting strategies be optimized to improve visual performance

while maintaining thermal efficiency?



1.6 Topic Validity

A distinct research space exists regarding window design strategies that affect the
thermal and visual performance of Nepalese schools during winter months. Research
now emphasizes the essential position of windows because they drive energy efficiency
along with daylight access and classroom comfort in current educational facilities

worldwide.

The study in Iran (Zomorodian et al., 2016) indicated higher window head heights boost
daylight intensity but result in lower average and minimum daylight factors, which
affects uniformity performance. The windowsill height affects maximum DF ratings
but reduces the distribution quality and lowers uniformity results. Windows with ratios
between 35% and 50% fulfill BREEAM standards together with rooftop monitoring
devices that achieve daylight quality and distribution needs of LEED. The threshold of
2000 lux represents the maximum level of illumination that results in glare occurrence.
The performance evaluation process requires dynamic assessment methods because
static metrics do not consider both occupancy schedules and climate conditions.
Daylight distribution improved the most through roof monitors together with higher
windows. Future research must test the proposed south-side-front windows with north-
side-rear windows configuration through annual data collection to simultaneously
prevent glare and too much sunlight exposure and visualize discomfort but maintain

sufficient daylight entry.

The research by Ashrafian & Moazzen (2019) in Iran evaluated how window
proportions (40-50%) and daylight control systems enhance classroom comfort and
reduce energy use for lighting. The energy consumption can reach a reduction of 15-
18% through heating savings of 8.5%. Early design choices matter because they lead to
improved comfort and performance levels and require additional study about window
arrangements and glass selection on energy efficiency and comfort levels in various

climate zones.

Shrestha & Rijal (2023a) investigated Nepalese school buildings through their research
and found that design strategies enhance thermal comfort in buildings with natural
ventilation. The thermal preference of students showed a strong correlation with
external climate because 63% of them wanted a cooler indoor environment. The

implementation of passive strategies resulted in operative temperature levels reaching



28°C, but when combined with integrated methods, this reduced maximum summer
temperatures by 3.3°C, keeping them below 27°C. Research suggests that these
methods promote comfort together with energy savings for buildings with similar
school designs, but additional studies across multiple climates and seasonal changes are

advised.

A Nepal-based investigation by Moktan & Uprety (2023) discovered that passive
design methods with thermal insulation and thermal mass among them could decrease
Kathmandu classroom temperatures by 2-4°C to maintain an indoor environment within
the suggested comfort area below 28°C. More than 80% of students reported feeling
awkward with the heat, as they wanted the classroom temperature to be lower. These
findings indicate that implementing these passive design strategies during new designs
or retrofits can establish comfortable conditions for minimum financial investment. The
research analyzed only indoor temperatures but excluded vital assessment elements

such as humidity and air speed for complete thermal comfort determination.

Zahiri & Altan (2020) investigated the thermal behavior of a female secondary school
in Tehran through simulated passive design application. Summer indoor temperatures
exceeded comfort zones based on study findings. The application of double or triple
glazing combined with thermal insulation and heavy thermal mass elements reduced
indoor spaces by 2—-4°C without significantly affecting energy usage for heating. South-
facing classrooms containing thermal mass materials delivered the best performance
outcomes. The study proves that passive strategies will enhance building comfort
together with energy efficiency yet require careful monitoring against summer

overheating concerns.

The findings in Basnet & Uprety (n.d.) show that a 30% window-to-wall ratio (WWR)
provides optimal results to reach 500 lux of daylight in Kathmandu offices, while higher
WWR values lead to greater energy use and glare issues. The illumination does not
improve with further increases beyond a specific WWR since thermal discomfort sets
in. Using WWR as a design parameter fails to yield comfortable visual conditions and
might lead to increased energy consumption, so installing blinds becomes necessary to

control reflected light.

The study by Gautam & Bajracharya (2021) on daylighting analysis focused on window
position, WWR, WFR, and building orientation in several school buildings. It revealed



that only the west-facing classroom at Durbar High School met the required 300 lux for
reading, while other classrooms had inadequate daylight (56 to 140 lux). Suggestions
for improvement included enlarging windows and replacing outdated ones. The study
concluded that considering daylighting and thermal analysis early in the design process

improves energy efficiency, comfort, and visual quality in classrooms.

The research conducted by Pourya & Alamdari (n.d.) about primary school building
renovations in cold regions discovered that window orientation largely affects spring
sunshine levels, where east and west orientations lead to a 20-25% decrease in thermal
comfort compared to south orientations. Thermal comfort and energy efficiency,
together with indoor air quality, reach their optimum in buildings when north- and
south-facing windows are used. A building's energy efficiency obtains its maximum
performance when WFR reaches 25%, while WFR between 15% and 30% provides the
best optimal balance for cold climate environments. Window position does not affect
comfort levels, but placing the windows in vertical or central positions leads to higher
heating bills by 21% alongside better indoor air quality. During winter and autumn, it
is advisable to utilize window openings with dimensions of 5-7.5% OFR, while multi-
height windows serve to enhance indoor air quality and decrease energy costs. Building
conditions that include short and regular window openings (G1) provide an 18%
thermal comfort enhancement together with an 87% improvement in indoor air quality

and energy savings of 6%.

According to the research conducted by Lu et al. (2015b), Nepalese educational
facilities demonstrated acceptable CO: levels, which confirmed excellent air quality
conditions. The researched approach for determining air changes per hour (ACH)
verified the building's suitable ventilation since ACH values exceeded 25 h™'. The
renovation process, which involved replacing wooden window shutters with glass, did
not pose a safety risk to CO: levels in the building. The research indicates that natural
ventilation systems of schools in Nepal are successful at sustaining safe air quality and

controlling airborne diseases.

The research by Kh et al. (2014) shows east- and south-oriented buildings raise energy
usage by direct sunlight during school operation hours, which supports building
designers to consider solar pathways. The limited space in Gaza requires 0.6
students/m2 as maximum occupancy density, while vertical expansion represents an

effective building solution. The combination of 25% WWR achieved successful
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daylighting control alongside HVAC energy efficiency, yet occupancy density had
more significant influence on usage than both glazing and opaque parameters.
Strategies focused on improvement achieved a 27% reduction of building energy usage,
which started at 191 kWh/m?, and energy distribution revealed that 37.5% came from
the exterior walls. Giving buildings proper glazing and installing shading controls

effectively controls excessive solar heat gain without compromising the view quality.

The study by Sayadi, Hayati, and Salmanzadeh (2021) highlights the importance of
tailoring the window-to-wall ratio (WWR) based on specific climate conditions to
improve thermal efficiency and reduce building energy use. Through simulations using
IDA-ICE software, the researchers examined how different WWR values affected
heating, cooling, and overall energy consumption in four Iranian cities with varying
climates. They found that in colder regions like Tabriz, larger WWRs enhanced solar
heat gain and lowered heating needs, while in hotter areas like Bandar Abbas, smaller
WWRs helped limit heat gain, reducing the demand for cooling. The study also showed
that window orientation and glazing type significantly influence energy performance.
Ultimately, the research suggests that climate-sensitive window design, guided by
simulation tools, is essential for achieving energy-efficient and comfortable indoor

environments.

From the study by Saha et al. (2017), titled "North-South vs. East-West: The Impact of
Orientation in Daylighting Design for Educational Buildings in Bangladesh,” the
authors found that north-south orientations with shading devices provided better
daylight autonomy and visual comfort, while east-west orientations suffered from glare
and over-illumination, leading to discomfort and inefficiency. The study also
highlighted the ineffectiveness of horizontal shading for east-west facades and called
for alternative shading strategies. Key research gaps identified include the need for
more suitable shading solutions for east-west orientations, consideration of

environmental factors, and further exploration across different building types.

The study by Ibrahim et al. (2012) explores how the placement and thickness of
insulation impact building energy usage. It concludes that exterior insulation is more
effective than interior insulation in minimizing heat loss and thermal bridging. While
increasing insulation thickness enhances energy efficiency, the benefits plateau after
reaching an optimal thickness, highlighting the importance of balancing cost and

material use. Using high-performance materials can reduce the required insulation
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thickness while still maintaining efficiency. Climate also influences the best insulation
approach, with colder climates needing thicker insulation. The research by Ibrahim et
al. (2012) recommends combining insulation with other design elements for optimal
energy savings, and energy simulations suggest potential reductions in energy
consumption of 20-40% with optimized insulation strategies.
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CHAPTER 2: LITERATURE REVIEW
2.1 Background of Public School in Nepal

Schools are categorized into public (government schools) and private schools. Or, in
other words, the Ministry of Education of Nepal categorizes public schools into two
types: i) aided community (public) schools, which receive regular government grants
for teachers’ salaries and for other administrative purposes; ii) unaided community
schools, which do not receive a regular government grant but are financed with support
from the community, donations from other sources, and the school’s own resources
(Thapa, 2013). Most community school buildings in our country are in poor condition,
forcing some students to study outdoors or in waterlogged classrooms during the
monsoon. These unfavorable conditions disrupt learning and reduce students' focus,

leading to poor academic performance (Raj Parajuli & Das, 2013).

The school categorization is based on the number of students enrolled in schools. The
width-to-length ratio for classrooms and learning spaces should have comfortable
usage, which should be between 1:1 and 1:2, and have flexible use of the space.
Attention should be paid to achieving good teacher — student interaction (Minister of
Education, 2016). The standard window-to-wall ratio for daylighting is not clearly
defined in the school design guidelines by the Ministry of Education (2016). The
guideline merely states that natural daylight should be maximized in room designs to

reduce reliance on artificial lighting while ensuring that glare is avoided.
2.2 Educational Buildings

According to NBC 206: 2015 Education buildings in Nepal includes school, college,
training institutes with occupancy more than 25 students at a time which is divided into

two categories:
Sub Group C1: Primary Schools (up to standard 5)
Sub Group C2: Secondary Schools (beyond standard 5)

Classroom with more than 50 students considered as an assembly unit and need to

provide two doors.
2.3 School building design in Nepal

School building designs in Nepal are influenced by a mix of regional needs, resource

availability, and local traditions. In rural and remote areas, traditional construction
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methods remain prevalent due to limited access to modern materials and technologies.
In contrast, urban centers like Kathmandu and Pokhara are increasingly adopting
contemporary and energy-efficient design principles that focus on sustainability and

better environmental performance.
Traditional School Building Designs

In rural parts of Nepal, school buildings are typically constructed using locally available
materials such as wood, brick, stone, and mud, which are cost-effective and culturally
significant. These buildings are usually functional, with large multipurpose rooms
serving as classrooms. The windows in these traditional schools are typically wooden
with shutters to allow for ventilation and natural light. However, these large openings
can also let in cold air, causing thermal discomfort during the winter. Without proper
insulation, classrooms can become very cold, leading to the need for additional heating.

Modern School Building Designs

Urban areas, on the other hand, are moving toward modern, energy-efficient school
designs that prioritize comfort, sustainability, and reduced energy consumption. In
these schools, there is an emphasis on maximizing natural daylighting and reducing the
reliance on artificial lighting. This is achieved through strategically placed windows
and the use of energy-efficient glazing, such as double or triple glazing, to minimize
heat loss. These schools also often include insulation in walls and ceilings, along with
sealed windows to improve indoor air quality and thermal comfort. Passive solar design
techniques, such as south-facing windows that capture sunlight in winter and shading

devices that block excessive heat in summer, are also commonly used.
Importance of Window Configuration

The configuration of windows plays a critical role in balancing thermal comfort and
visual performance in school buildings. In Nepal, particularly in colder regions, it is
important to have windows that allow sufficient natural light while minimizing heat
loss. South-facing windows are ideal for capturing solar energy in the winter. This is
especially important in classrooms, where good natural lighting is essential for
enhancing focus and productivity. However, large windows, although beneficial for
daylighting, can cause thermal discomfort in cold weather if not properly insulated. As
a result, more modern schools are incorporating energy-efficient window technologies,

such as double-glazing, to improve insulation and reduce heating costs.
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Challenges in School Building Design in Nepal

One of the main challenges in school building design in Nepal is the limited financial
resources, particularly in rural areas. This often results in cost-saving measures that
compromise comfort and safety. While urban schools can invest in advanced insulation
and energy-efficient windows, rural schools often rely on traditional designs that fail to

address issues like thermal discomfort and energy inefficiency.

Moreover, rural areas struggle with a lack of skilled labor and limited access to quality
building materials, which makes it difficult to adopt modern construction techniques.
However, there are efforts by the government and NGOs to improve the infrastructure
of schools, focusing on energy-efficient and earthquake-resistant designs in both urban

and rural settings.
2.4 Climate in Nepal

Nepal has diverse climatic due to its topographical variations, ranging from lower Terai
plain to upper alpine region in North. According to (Bodach et al., 2016) Nepal is

divided into four bioclimatic zone:
Warm temperate Climate (below 500m)
Temperate climate(500-1500m)

Cool Temperate Climate (1501-2500m)
Cold Climate (above 2500m)

Kathmandu lies in temperate climate and has mild climate most of the year. Kathmandu
valley experiences four distinct seasons: pre-monsoon (March-May), monsoon (June-
September), post-monsoon (October-November), and winter (December-February).
The average maximum and lowest temperatures (1980-2010) are 23.8°C and 11.4°C,

respectively.
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Figure 1: Monthly average temperature trend in Kathmandu valley (Data
source: Department of Hydrology and Meteorology)

Nepal’s diverse climate directly affects its building design, particularly in educational
structures. The country’s climate ranges from tropical and subtropical in the lowland
Terai to cold, snowy winters in the mountainous regions. The central and northern parts
of Nepal experience a temperate climate, while the higher altitudes endure harsh winter
temperatures. These climate variations necessitate tailored architectural solutions for

each region.

During the cold season, temperatures in Nepal often drop well below comfortable
indoor levels, especially in areas like the Kathmandu Valley. As a result, there is an
emphasis on using passive solar strategies and heating solutions, as well as optimizing
window configurations to maximize daylight and solar heat. Schools, like other
buildings, rely on natural ventilation and passive heating to reduce energy consumption

while maintaining thermal comfort.
2.5 Climate and Its Impact on Building Design in Nepal

The cold winter months require buildings to provide insulation and be designed to
capture solar heat effectively. In this season, it’s important for school buildings to allow
sunlight to enter during the day and retain the warmth through the night. South-facing
windows are particularly effective in winter, while shading techniques help prevent
overheating in the warmer months. The focus is also on minimizing heat loss through
walls and windows, ensuring that classrooms remain comfortable despite outdoor cold

temperatures.

Windows are essential for maintaining thermal comfort and visual quality. Well-placed

windows allow natural light to enter while minimizing heat loss. In addition, a carefully

14



considered window configuration can reduce the reliance on artificial lighting,

contributing to energy efficiency.
2.6 Thermal Performance of building

The building envelope consists of multiple components such as bricks, mortar, surface
finishes, and external coatings. It functions as a boundary that separates the outdoor
environment from the indoor space and plays a key role in maintaining thermal comfort
inside the building by responding to external climate conditions. Building thermal
performance is the process of transfer of energy between buildings and surroundings.
Heat transfer in buildings through various building elements such as walls, roofs,
ceilings, floors, etc., which is conduction. Such as heat transfer, it also takes from
different surfaces by convection and radiation. Heat is also transferred in the building
envelope due to occupant load and internal light and equipment.

7
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Figure 2: Thermal Performance of Buildings

2.7 Factors affecting thermal performance of buildings

e Thermal performance of a building can be affected by various factors, which
are given below:

e Design parameters (geometric dimensions of building elements: walls, roofs,
windows, orientation, shading devices, etc.).

e Material Properties (density, specific heat, thermal conductivity,
transmissivity)

e Weather data (solar radiation, ambient temperature, wind speed, humidity,

etc.)
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e Building usage data (internal gains due to occupants, lighting and equipment,

air exchanges, etc.)
2.8 Thermal measurements

Every building material used in building envelopes has its own physical properties that
determine its energy performance, like conductance, reflectance, and thermal mass. For

better thermal performance, you should use better material for heat flow.

KAAT
L

1. Thermal conductivity (K) =

Thermal conductivity describes how well a material can conduct or transfer heat. It is
commonly represented by the symbol ‘k’, but may also be denoted by ‘A’ or ‘k’. The
inverse of thermal conductivity is called thermal resistivity. Materials that have high
thermal conductivity are typically used in applications like heat sinks to efficiently
dissipate heat, while those with low thermal conductivity (low A values) are used as

thermal insulators to resist heat flow.

Where, K = thermal conductivity (W/mK), Q=Resultant heat flow (watts), A=surface
area (m?), AT=temp diff between warm and cold sides (K), L= thickness or length of

material (m)
2. Thermal Conductance (W/m?K)

Conductivity per unit area for specified thickness is known s thermal conductance. It is

also known as heat flow per thickness.
3. U- factor (W/m?K)

The U-value indicates how fast heat leaves building components, including walls and
roofs as well as floors. The overall heat transfer coefficient describes the thermal
conductance capabilities of a building element. The thermal performance of a structure
becomes poorer as U-value rates increase, leading to greater heat losses, yet better
insulation results from lower U-value measures. U-values provide substantial benefits
through their capability to evaluate total thermal performance in building composition
since they measure complete assembly behavior instead of material attributes in
isolation. Overall coefficient of thermal transmittance. Lower U-factors mean less

conduction, which means better insulation. (U=1/R)

Q=UXAXAT,U=Q /ATA =W/ Km2
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Q = Heat transfer rate (in watts, W)

U = Overall heat transfer coefficient (U-value, in W/mz2-K)

A = Area of the surface (in m?)

AT = Temperature difference across the material (in K or °C)
4. Thermal resistance (R- value=1/U) Unit (m?K/W)

Thermal resistance refers to how well a material or building component resists the flow
of heat. It is the inverse of thermal conductance, which represents a material’s capacity

to allow heat to pass through it.
5. Thermal mass

Thermal mass refers to interior building materials that help regulate indoor
temperatures by responding to daily temperature changes, thereby reducing the need
for active heating and cooling. These materials absorb heat during periods of high solar
radiation and gradually release it as the surrounding environment cools. By storing and
releasing heat in this way, thermal mass plays a vital role in energy efficiency,
especially when integrated into passive solar heating and cooling strategies. Thermal
mass is the ability of a material to absorb and store heat energy. The four factors to

understand are density, specific heat, and thermal capacity.

2.9 Thermal Comfort

“Thermal comfort is that condition of mind that expresses satisfaction with the thermal

environment and is assessed by subjective evaluation” (ANSI/ASHRAE 55:2017).

The primary standards of thermal comfort that were developed (such as the primary
form of ASHRAE Standard 55) specifically concentrated on the heat balance models,
which assume that thermal comfort is achieved if the body temperature can be held in
a narrow range, skin moisture is low, and physiological effort of regulation is
minimized (ASHRAE, 2017). Environmental factors (temperature, thermal radiation,
humidity, and air velocity) and personal factors (activity and clothing) were taken into
account as influential factors for thermal comfort in these models. Such divergence has
led to observable differences between the subjective thermal comfort reported by
students and the predictions of the Predicted Mean Vote-Percentage People Dissatisfied

(PMV-PPD) model. More than 50 % of students evaluate their surrounding thermal
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environment within a typical thermal comfort range (i.e., slightly cool, neutral, and

slightly warm).

2.10 Thermal Comfort from previous study

Table 1: ASHRAE-55 Standard recommendations

S.N. Operative Acceptable range
Temperature

1 Summer 22°C 20-23°C

2 Winter 24.5°C 23-26°C

For naturally ventilated buildings, ASHRAE standard 55 proposes an adaptive thermal
comfort model, which sets a 90% acceptable range for indoor temperature of 2.5K

above and below the optimum comfort temperature.

From the study of Lamsal et al. (n.d.) to determine the comfort zone, the ASHRAE
study was adopted and Szokley’s method was used to identify various potential control
zones. The comfort temperature (Tc) was calculated based on the monthly mean

outdoor temperature (Tout) using the following equation:
Tc= 031Tout + 17.8................... equation 1

where Tc represents the indoor comfort temperature (°C) and Tout is the average
outdoor temperature for the month (°C). Predicted comfort temperatures were
calculated from this equation and comfort temperatures according to a field study of

the Bhaktapur district for summer and winter climates.

Table 2: Thermal comfort for Bhaktapur during winter and summer

Tout (°C) Tc (°C) Tcf (°C)
Altitude
Places (m) Summer | Winter | Summer | Winter | Summer | Winter
Bhaktapur 1350 22.4 10.1 24.7 20.9 25.6 15.2

Tout: Mean outdoor temperature (Rijal et al., 2010)

Tc: Predicted comfort indoor temperature by using equation 1 (de Dear & Schiller
Brager, 2001)

18



Tcf: Comfort temperature according to field study (Rijal et al., 2010)

The mean comfort temperatures estimated using Griffiths” method were 17.2
°C, 20.9 °C, and 21.7 °C in the cold, temperate, and subtropical regions, respectively
(Shahi et al., 2021).

2.11 Building material and thermal comfort

The building envelope serves not only as a barrier between the interior and the external
environment but also as a shield against climatic factors that directly impact the
building. The internal thermal comfort is dependent on the properties of the building
materials used that are affected by the external temperature and humidity (Hyde, 2013).
Heat and cold can enter the building through transparent and translucent materials and
windows, and the indoor conditions are influenced by the thermophysical properties of
materials (Latha et al., 2015). Materials with lower thermal conductivity, thermal
diffusivity, and absorptivity tend to experience smaller temperature fluctuations on the
interior surface of the walls compared to materials with higher thermal conductivity.
Ventilation also plays an important role in maintaining thermal comfort. The building
envelope serves not only as a barrier between the interior and the external environment
but also as a shield against climatic factors that directly impact the building. The
internal thermal comfort is dependent on the properties of the building materials used
that are affected by the external temperature and humidity (Hyde, 2013). Heat and cold
can enter the building through transparent and translucent materials and windows, and
the indoor conditions are influenced by the thermophysical properties of materials
(Latha et al., 2015). Materials with lower thermal conductivity, thermal diffusivity, and
absorptivity tend to experience smaller temperature fluctuations on the interior surface
of the walls compared to materials with higher thermal conductivity. Ventilation also
plays an important role in maintaining thermal comfort apart from building materials.
Building envelopes without proper ventilation can trap heat inside, further degrading
the thermal comfort of occupants. Recent advancements and technological innovations
in building materials offer considerable potential for enhancing thermal comfort and
energy efficiency in tropical regions (Latha et al., 2015).

The study by Zahiri & Altan (2020) suggests that passive strategies, such as building
materials, glazing, and orientation, significantly improve comfort and efficiency during
winter. The study by Shrestha & Rijal (2023) and Moktan & Uprety (2023) shows that
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operative temperature can be reduced by 2-4°C through the use of thermal
improvement strategies, including passive design strategies such as natural ventilation,
wall insulation, ceiling insulation, roof insulation, and thermal insulation.
Contemporary research reports several types of advanced materials, such as gas-filled
panels, polymer skins, aerogels, and vacuum insulation panels, that have the potential
to provide better thermal insulation depending on the locations and the thickness of the
material (Ibrahim et al., 2012).

2.12 Window Configuration

Windows characterize energy use and visual comfort patterns in buildings (Ochoa et
al., 2012). Configuration of openings can modify the intensity and distribution of
daylight to create appropriate luminous environments (Zomorodian et al., 2016).
Configuration of windows can be dealt with on the basis of side lighting, window
location, and WWR. In a classroom that does not use mechanical ventilation, the
window is expected to ventilate the room for significant thermal comfort. Many factors
regarding windows, such as window opening type, size, and position, that possibly
affect the indoor airflow, indoor air distribution, and air exchange rate could contribute

to obtaining the thermal condition in the classroom (Talarosha & Marisa, 2018).

Saha et al. (2017) analyze how window orientation affects daylighting in educational
buildings. They conclude that shaded windows are more effective in north and south
orientations, while unshaded windows perform better in east and west. Proper window

design can enhance lighting, reduce glare, and improve energy efficiency in classrooms.
2.13 Visual Performance

Building occupants are exposed simultaneously to different kinds of stimuli. However,
it has been noted that discomfort due to visual effects (glare, headaches, deregulation
of the circadian rhythm leading to depression) is more frequently reported than
discomfort from thermal effects due to the time delay in experiencing the latter and thus
being important in building design due to the possible rejection by users of the built
environment because of its influence on their overall health (Achard et al., n.d.). Visual
performance and comfort criteria will be divided into illuminance-based and glare-
based criteria as they need separate consideration when measuring visual satisfaction
in the work environment(Ochoa et al., 2012). The Illuminating Engineering Society of
North America (IESNA) defined glare as “the sensation produced by luminance within
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the visual field that is sufficiently greater than the luminance to which the eyes are

adapted to cause annoyance, discomfort, or loss in visual performance and visibility.”

(Osterhaus, 2005) argued that glare is an essential factor to consider when designing
educational facilities. Exposure to discomfort glare may degrade task performance due
to fatigue and reduced concentration. Therefore, it is very important to plan for a
minimum of discomfort glare in interior spaces. From the study of (Lee & Lee, 2019)
conclude that discomfort glare in classrooms often exceeds acceptable limits (DGP >
0.35) on sunny days. Adding shading devices and optimizing window designs
effectively reduced glare, highlighting the need for advanced glare metrics like DGP in

design standards to improve visual comfort in schools.
2.14 Metrics used to assess Daylight Performance:
a) Daylight factor

According to Norwegian Green Building Council and BRE Global “The average
daylight factor is the average indoor illuminance (from daylight) on the working plane
within a room, expressed as a percentage of the simultaneous outdoor illuminance on a
horizontal plane under an unobstructed International Commission on Illumination
(CIE) Standard Overcast Sky”. Minimum and average daylight factor for classrooms

have been defined as 2% and 5%, respectively(Baker, 2014).
b) Hluminance:

[lluminance is the amount of light falling on a surface per unit area, measured in lux
(Council, 2012). Othman & Mazli (2012) have recommended average values of 750,
500, 500 and 300-600 and lux for visual tasks in classrooms, including reading and
writing respectively. According to the Chartered Institution of Building Services
Engineer (2011), the average-maintained illuminance in a classroom should be kept
above 300 lux, whereas in laboratories and rooms -as well as on whiteboards- the

minimum required illuminance is 500 lux.
c) Useful Daylight Illuminance (UDI):

UDI refers to the fraction of time throughout the year when the indoor horizontal
daylight illuminance at a specific location falls within a defined range of acceptable
illuminance levels. According to the original UDI definition by Nabil and Mardaljevic

(2006), the lower and upper thresholds are set respectively to 100 Ix and 2000 Ix.
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d) Discomfort Glare Probability (DGP):

The Daylight Glare Probability (DGP) metric measures the likelihood of glare
disturbance based on factors like vertical eye illuminance, luminance, and the source's
solid angle. It is considered the most effective metric for assessing glare due to its strong
correlation with user perception. Wienold (2007) proposed a simplified formulation

that significantly reduces computational effort:
DGP =6.22 x 10—° x Ey + 0.184
Ev = Vertical eye illuminance produced by the light source (Ev)

e Imperceptible glare: DGP < 0.35 for 95% of time (Wienold, 2007).
e Perceptible glare: DGP < 0.40 for 95% of time (Wienold, 2007).

2.15 Thermal Performance

The comfort of a room's occupants can be negatively impacted by large hot or cold
surfaces, particularly windows and skylights. The surface temperatures of windows
tend to fluctuate more than those of other surfaces in a room. Even if the room air
temperature is kept comfortable, occupants may still experience considerable
discomfort due to radiant heat exchange with the window surfaces. Ochoa et al. (2012)
studied a hypothetical office room with varying WWRs (10-100%) and evaluated four
orientations using EnergyPlus. They recommend 30% WWR for North and 20% for
South, East, and West for minimal energy use, while 50-70% (North) and 50-60%

(others) ensure visual comfort.

The study by (Kh et al., 2014) examined how occupancy, window-to-wall ratio
(WWR), and building orientation affect energy use in school buildings in Gaza. It found
that higher occupancy increased energy consumption, while building orientation (east
and south-facing) influenced solar exposure. Increasing WWR improved daylighting
but raised cooling loads. The study suggested an optimal occupancy density of 0.6

students/m? and a WWR of 25% to reduce overall energy consumption.
2.16 Thermal and Visual Performance Criteria

Thermal performance criteria evaluate energy consumption for functions like heating,
cooling, lighting, and ventilation. These values can be measured on-site post-
commissioning to compare with projected estimates. They are generally represented in

units of energy, such as kWh or GJ, per unit area over a given time frame. Energy
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performance can also be assessed through user comfort by utilizing various indices and

predictive approaches. Some are given below:

Table 3: Different criteria used for thermal and visual comfort and performance

evaluations (Ochoa et al., 2012).

Energy aspects

Visual aspects

Predicted temperature
and RH

Performance Consumption [lluminance
Degree days
Adaptive comfort

Comfort Predictive mean vote Uniformity
(different indexes) Contrast

Daylight glare index
Daylight glare
probability

Other glare indexes

(artificial lighting)

Thermal and visual

dynamic evaluations

Time condition is met
Averages (yearly,
monthly, etc.)

Usable range

(maximum-minimum)

2.17 Role of Windows Configuration on Thermal Performance

Building envelope is critical for energy efficiency, as its thermal properties directly

affect heating and cooling loads. Windows, being weaker, have emphasized the

importance of window glazing as an important technological innovation to achieve

indoor thermal comfort in enclosed spaces since after the Renaissance period.

Manandhar et al. (2015) found that modifying building orientation, size, thermal mass,

or window design in Nepal's hot, humid region could significantly reduce indoor
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temperatures and enhance thermal comfort. This study shows that in the hot, humid
climate of Nepal, changing window orientation, orienting buildings along the N-S axis
(longer side), providing glazed windows on the north side, or using simple overhang
shades can reduce cooling load demand by more than 10-15% (Manandhar & Yoon,
2015). Thermal performance analysis on residential buildings in Butwal by Kafley et
al. (n.d.) observed that as the window-to-wall ratio (WWR) increases, annual thermal
energy consumption also rises. Specifically, with a WWR of 0.9, energy consumption
went up by 5.24% for south-facing orientations and 7.16% for northeast-facing
orientations. Zahiri and Altan (2020) found that passive design strategies, such as
improved insulation, optimized glazing, and building orientation, significantly enhance

thermal comfort and energy efficiency in school buildings during winter.

Zahiri and Altan (2020) found that optimizing window configurations, glazing types,
and building orientation improves thermal comfort, visual comfort, and energy
efficiency. Key findings include that more windows reduce daylight quality, zoning
cuts lighting energy use by 48%, and triple-glazed windows enhance thermal comfort.
The window-to-wall ratio, orientation, and wall inclination are crucial for energy

performance and daylight.

The study by M. Al-Tamimi et al. (2011) examines how window orientation, WWR,
and natural ventilation affect indoor thermal comfort. It finds that east-facing rooms
tend to be hotter than west-facing ones, especially without ventilation. Reducing WWR
to 25% improves comfort, keeping temperatures below 28.6°C for most of the day.
Opaque walls (WWR = 0%) also help maintain stable indoor temperatures. Natural

ventilation, particularly with airflow over 0.7 m/s, further enhances thermal comfort.
2.18 Role of WWR on Thermal Comfort

ASHRAE 55 defines thermal comfort as “that condition of mind that expresses
satisfaction with the thermal environment” Thermally comfortable and well-designed
learning spaces enhance students' academic performance, concentration, and
productivity. Thermal comfort is often one of the most overlooked design parameters
while constructing educational buildings in Nepal (Moktan & Uprety, 2023). Teli et al.
(2014) found that children are more sensitive to higher temperatures than adults are and
prefer a cooler environment. From three different scenario of glazing ratio and window

configuration on occupant comfort and energy demand of one school Turkey, Teli et
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al. (2014) found that the best performance is obtained with a 50% glazing ratio, but
performance is similar with a 40% glazing ratio. A continuous horizontal window offers
better visual performance than separate windows that yield the same overall
transparency ratio. Under a clear sky, PPD values varied by about 10% depending on

the glazing design, and occupant comfort has huge impact by the window configuration.

Sayadi, Hayati, and Salmanzadeh (2021) examine the ideal window-to-wall ratio
(WWR) for buildings in seven different climate zones through IDA-ICE simulations.
Their findings suggest that the optimal WWR depends on factors like climate, building
orientation, window type, and thermal comfort needs. The study emphasizes that
elements such as overhangs, automated blinds, and window characteristics play a

crucial role in enhancing energy efficiency and ensuring occupant comfort.
2.19 Relation between Window Wall Ratio (WWR) and Daylighting

Daylighting is the controlled admission of natural light, direct sunlight, and diffused
skylight into a building to reduce electric lighting and save energy (Ander & FAIA,
2016). According to the UK Department for Education & Employment (1999),
appropriate illumination is also crucial to the quality of an indoor environment.
Especially in schools, it is necessary to provide a well-lit environment that enables
students and staff to carry out their tasks comfortably and adequately in attractive and
stimulating surroundings. According to Essay (2015), a study has indicated that
students studying in windowless classrooms tend to be less interested in their work,

complain more, and are more hostile, hesitant, and maladjusted.

The International Building Code and British Standard BS 8206 have also recommended
minimum window areas, with the former requiring a minimum net glazed area of not
less than 8% of the floor area of the room and the latter recommending a minimum
window area of 20% of the external window wall for a room measuring less than 8 m
in depth and 35% of the external wall for rooms deeper than 14 m (Zomorodian, Z. S.,
& M., 2016). Zomorodian et al. (2016) analysed the impact of window configurations
on daylight performance in a southeast-facing classroom using validated simulations.
The study found that increasing the WWR to 35-50% and adding a roof monitor could
help meet LEED and BREEAM daylight credits. However, no single strategy met both
standards, suggesting that combining higher WWR, roof monitors, and light shelves

may enhance daylighting performance.
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A study in Malaysia examined daylighting in small classrooms using two models (72
m2 each, with depths of 6 m and 12 m) and simulated north-facing windows. It
concluded that a window-to-floor area ratio of 18% to 45% is sufficient for adequate
natural lighting (Mirrahimi et al., 2013).

From the study of Basnet and Uprety (2022), neglecting WWR as a design parameter
will result in visual discomfort, high consumption of energy for lighting and thermal
balance, and will demand. Other strategies to maintain visual comfort, such as the use
of blinds and other strategies to block unwanted sun and glare, which disconnect people
from nature and the architects, cause them to lose their long-term control over the
building and find that 30 percent WWR is optimum for lighting the office building with
the illumination level of 500 lux from the study.

From the study of the window-to-wall ratio for daylighting in the context of apartment
buildings in the Kathmandu Valley by Sangraula and Uprety (2020), it was found that
a WWR of 24% and higher is required for providing sufficient daylight inside the
bedroom of the apartment building in the Kathmandu Valley.

2.20 Energy Efficiency in School

Schools are important parts of education systems and use a lot of energy. Like other
buildings, they often waste energy. The reasons for this are complex, involving many
different and changing factors. Energy efficiency in educational institutions is an
important area of academic research, policy, and practice (Rospi et al., 2017). Similarly,
the impact of the physical school environment on energy efficiency involves the
complexity of energy infrastructure and its management, as well as its intricate
interactions with the outside environment and other system elements (Brychkov et al.,
2023). Energy efficiency in schools involves strategies and technologies aimed at
reducing energy use while maintaining a comfortable and effective learning

environment. This can be achieved through several key methods.

Building design plays a significant role. Proper insulation in the walls, windows, and
doors helps prevent heat loss during winter and heat gain in summer, reducing the need
for extra heating or cooling. Additionally, positioning the building to make the most of
natural light can minimize the need for artificial lighting. For example, south-facing
windows capture sunlight, which can provide warmth during cold months. Passive solar

design techniques, such as using thermal mass and strategically placed windows, also
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help regulate indoor temperatures without relying heavily on mechanical heating or

cooling systems.

Lighting efficiency is another important factor. Maximizing the use of natural light
through windows and skylights can reduce the need for electric lighting, creating well-
lit spaces that save energy. Switching to LED lights and incorporating features like
motion sensors or timers ensures that lights are only on when needed, further cutting

down on energy consumption.

Heating, ventilation, and air conditioning (HVAC) systems are key energy users in
schools. Using modern, energy-efficient systems helps maintain comfortable
temperatures while using less energy. Additionally, zoning allows heating or cooling in
specific areas only when needed, and proper ventilation systems help ensure fresh air

circulation without wasting energy.

Insulation and windows also play a crucial role in energy efficiency. High-quality
insulation helps stabilize indoor temperatures, reducing the reliance on heating and
cooling systems. Energy-efficient windows, such as double-glazed models, prevent
heat loss and contribute to better thermal comfort.

Incorporating renewable energy sources, like solar panels, helps schools reduce reliance
on traditional electricity, cutting costs and lowering their carbon footprint. In some
areas, schools may also explore wind or geothermal energy as additional sources of

sustainable power.

Smart technologies are increasingly being used to manage energy use in schools. Smart
meters track energy consumption in real-time, providing insights that help schools
identify areas for improvement. Building automation systems can also manage heating,
cooling, and lighting based on real-time data, optimizing energy consumption.

Replacing outdated appliances with modern, energy-efficient equipment is another way
to reduce energy consumption. Encouraging staff and students to adopt energy-saving
behaviors, such as turning off lights and appliances when not in use, further reduces

waste.

Finally, maintaining energy-efficient systems and educating the school community
about energy-saving practices are crucial for ensuring ongoing energy efficiency.
Regular maintenance of HVAC systems, insulation, and lighting helps ensure that they

continue to perform efficiently, while promoting energy-conscious behaviors among
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students and staff creates a culture of sustainability. The benefits of energy efficiency
in schools are significant. Reduced energy consumption leads to lower utility bills,
freeing up resources for educational needs. Improved indoor air quality and temperature
control create a healthier and more comfortable environment for students and staff.
Additionally, energy-efficient practices contribute to environmental sustainability by
reducing the school’s carbon footprint. Lastly, schools can use their energy-efficient
buildings as teaching tools, helping students learn about sustainability, renewable
energy, and conservation. By integrating these strategies, schools can reduce their
energy use, improve the learning environment, and make a positive impact on both the

local and global environment.
2.21 Glazing type and thermal performance

According to Aguilar-Santana et al. (2020), windows in buildings play crucial roles by
providing ventilation, daylighting, solar heat gain, and enhanced aesthetics. Generally,
the thermal and optical characteristics of a window can be described using key
parameters such as U-value, Solar Heat Gain Coefficient (SHGC), and visible
transmittance. The assessment of these parameters is influenced by the three primary

heat transfer mechanisms: conduction, convection, and radiation.

Table 4: Glass configuration

Glass configuration U-value (w/m2k)
Uncoated single glass 6 mm 5.70
Uncoated double glass 12 mm cavity 2.80
Uncoated double glass 15 mm air cavity 1.40
Uncoated double glass 15 mm argon cavity 1.20
Uncoated triple glass 16 mm with argon 0.79
Uncoated double glass 22 mm monolithic aerogel 0.65
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Types of glazing

Single Glazing: Traditionally used in older buildings, single glazing provides minimal
insulation and can lead to heat loss, making it less energy-efficient for school buildings,
especially in cold climates like Nepal. It allows higher heat transfer, leading to higher

energy consumption for heating.

Double Glazing: This involves two panes of glass with an insulating gap between them,
which significantly improves thermal insulation compared to single glazing. It helps
maintain a comfortable indoor temperature by reducing heat loss during cold weather.

Triple Glazing: Similar to double glazing, but with three panes of glass, offering even
better thermal insulation. This is especially useful in colder climates, contributing to

energy savings by minimizing heat loss and reducing the need for artificial heating.

Low-Emissivity (Low-E) Glass: A coating applied to the glass that reflects infrared heat
while allowing visible light to pass through. This technology helps in improving
thermal insulation without compromising natural daylighting. Low-E glass can be a
good choice for Nepalese schools during the winter, as it improves energy efficiency
by reducing heat loss while maximizing daylighting.

L)

VI+0.60

Double Glazing LowE Double Glazing Tinted Double Glazing
Figure 3: Visible transmittance for different coatings in double-glazing units.
2.22 Policies on Windows at School Classroom
Only there are few standards on windows for school classrooms. The Ministry of Health

guidelines on implementing the school health environment in 2019 suggest that the ratio

of window area to floor area should be 15% to ensure adequate daylight and ventilation,
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while 5 to 10% of this should consist of permanent openings for ventilation (Talarosha
& Marisa, 2018). 2.1.3.

The International Building Code and British Standard BS 8206 have also recommended
minimum window areas, with the former requiring minimum net glazed area not less
than 8% of the floor area of the room and the latter recommending minimum window
area of 20% of the external window wall for a room measuring less than 8m in depth

and 35% of the external wall for rooms deeper than 14 m
Credits of Green building rating tools

e LEED NC-v.2.2 EQ 8.1: requirement for LEED 2.2 EQ addresses a minimum
daylight illumination of 25 footcandles to be achieved in at least 75% of all
regularly occupied areas.

e BREEAM HEAL: The BREEAM Health and Wellbeing Credit, HEAL, pass
requires that both the following conditions are met: 1. For pre-schools, schools
and further education colleges, at least 80% of floor area in occupied spaces
should be day lit, having an average daylight factor of 2.25 at the height of 0.8
meters for a multi-story building in a city with latitude less than 40. 2. A
uniformity ratio of at least 0.4 (spaces with glazed roofs, such as atria, must
achieve a uniformity ratio of at least 0.7 or a minimum point daylight factor of
at least 1.4%)

e Adaptive thermal comfort and acceptable temperature range for free running
buildings (from BS EN 15251:2007, prEN 16789-1: 2015)

Category Explanation Suggested
acceptable

range °C

| High level of expectation. Also +2/-3°C
recommended for spaces
occupied by very sensitive and
fragile persons with special
requirements like some

disabilities, sick, very young
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children and elderly persons, to

increase accessibility.

I Normal expectation +3/-4°C

i An acceptable moderate level of | +4/-5°C

expectation

v Low level of expectation. This >+4/ <-5
category should only be °C
accepted for a limited part of the

year

e Adaptive thermal comfort for learning and teaching lies in category II
Daylight study performance from previous studies

Table 5: Daylight performance (Saha et al., 2017)

Criteria Description

Daylight The percentage of the occupied period
autonomy (Hours) of the year that the minimum daylight
(DA) requirement is exceeded through the
year
>80% Excellent daylight designs

60-80% Good daylight designs

Continuous 40-60% Adequate daylight designs

daylight
Autonomy >5% Not acceptable. A high probability that this will
lead to a situation with a direct
sunlight patch and hence glare
Daylight <5% Acceptable
autonomy
Max (DAmax)

31



Useful daylight | <100 lux | Gloomy room with insufficient daylight.

illuminance

(UDI) 100-2000 | The room is with useful daylight levels for the

lux occupants

>2000 lux | The room is too bright and exceeds the upper
threshold of the useful range. Higher
levels glare or discomfort maybe delivered together

with overheating issues

2.23 LEED BD+C: New Constructionv4.1 - LEED v4.1 Daylighting Credit
(LEED v4.1 BUILDING DESIGN AND CONSTRUCTION, 2025)

Projects must select one of the following three compliance options:

a) Option 1. Simulation: Spatial Daylight Autonomy and Annual Sunlight
Exposure (1-3 points, 1-2 points Healthcare)

Use annual daylight simulations based on IES LM-83-12 to calculate:

e sDA300/50% (Spatial Daylight Autonomy): Percentage of floor area receiving
at least 300 lux for 50% of annual occupied hours.

e ASE1000,250 (Annual Sunlight Exposure): Percentage of floor area receiving
over 1000 lux for at least 250 occupied hours annually.

For healthcare projects, evaluate only perimeter regularly occupied spaces (as
defined by the EQ Credit: Quality Views). Report the average SDA300/50% across
all regularly occupied areas. Spaces with ASE1000,250 over 10% must explain how

glare is mitigated through design.
Simulation details:

e Use a grid of <600 mm (2 ft) at 760 mm (30 in) above the finished floor.
e Include permanent interior obstructions, but movable furniture and partitions
may be excluded.

e Use hourly simulations based on a Typical Meteorological Year (TMY) for the

nearest weather station.
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Table 6: Points for Option 1 (LEED v4.1 BUILDING DESIGN AND
CONSTRUCTION, 2025)

New Construction, Core and Shell, | Healthcare
Schools, Retail, Data Centers,
Warehouses and  Distribution

Centers, Hospitality

The average sDAsoos0% Value | 1 point 1 point
for the regularly occupied

floor area is at least 40%

The average sDAsoos0% Value | 2 points 2 points
for the regularly occupied

floor area is at least 55%

The average sDAsoos0% Value | 3 points Exemplary
for the regularly occupied performance

floor area is at least 75%

Each regularly occupied | Exemplary  performance or 1 | Exemplary
space achieves | additional point if 2 points achieved | performance
sDAzoos0% value  of  at | above.
least 55%

b) Option 2. Simulation: Illuminance Calculations (1-3 points, 1-2 points

Healthcare)

Use computer simulations to assess daylight levels at 9 a.m. and 3 p.m. on a clear-sky
day during the equinox for all regularly occupied spaces. In healthcare facilities, the
analysis should focus on perimeter regularly occupied areas as defined by EQ Credit
Quality Views. Confirm that illuminance levels in these spaces fall between 300 lux
and 3,000 lux at both times. If the spaces have view-preserving automatic glare-control
systems with manual override, it's sufficient to demonstrate that the minimum

illuminance level of 300 lux is achieved.

Points are awarded according following table.
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Table 7: Points for Option 2 (LEED v4.1 BUILDING DESIGN AND
CONSTRUCTION, 2025)

New Construction, Core and Shell, | Healthcare
Schools, Retail, Data Centers,
Warehouses and Distribution Centers,

Hospitality

Percentage  of  regularly | Points | Percentage of regularly | Points
occupied floor area occupied floor area

within perimeter area

55% 1 55% 1

75% 2 75% 2

90% 3 90% Exemplary
performance

Calculate illuminance intensity for sun (direct component) and sky (diffuse component)

for clear-sky conditions as follows:

o Use typical meteorological year data, or an equivalent, for the nearest available

weather station.

o Select one day within 15 days of September 21 and one day within 15 days of

March 21 that represent the clearest sky condition.
o Use the average of the hourly value for the two selected days.

Exclude blinds or shades from the model. Include any permanent interior obstructions.

Moveable furniture and partitions may be excluded.
¢) Option 3. Measurement (1-3 points, 1-2 points Healthcare)

Measure actual daylight levels in each regularly occupied space. For healthcare, assess
perimeter occupied zones. Ensure measured illuminance falls within 300-3,000 lux. If
glare-control systems with manual override are installed, meeting the 300-lux minimum

is sufficient.

Measurement Details:
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e Take measurements at work plane height (30 inches above floor), between 9

a.m.and 3 p.m.

e 1 Point: Take measurements once during any regularly occupied month.

e 2 Points: Take two measurements — one in any occupied month, the second

based on Table 4 (seasonal timing).

e Use grids of:

10 ft (3 m) spacing for areas >150 sg. ft, 3 ft (900 mm) spacing for areas <150 sq. ft.

e Measurements should include furniture, fixtures, and equipment.

Table 8: Points for Option 3 (LEED v4.1 BUILDING DESIGN AND

CONSTRUCTION, 2025)

Schools, Retail, Data

New Construction, Core and Schools,
Centers,

Warehouses and Distribution Centers,

Healthcare

Hospitality
Percentage  of  regularly | Points | Percentage of regularly
occupied floor area occupied floor area
within perimeter area
55% at one time in the year 1 55% at one time in the | 1
year
75% at two times in the year | 2 75% at two times inthe | 2
year
90% at two times in the year | 3 90% at two times in the | exemplary

year performance

Table 9: Timing of measurements for illuminance (LEED v4.1 BUILDING DESIGN

AND CONSTRUCTION, 2025)

If first measurement is taken in ...

take second measurement in ...

January

May-September
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February June-October
March June-July, November-December
April August-December
May September-January
June October-February
July November-March
August December-April
September December-January, May-June
October February-June
November March-July
December April-August
2.24 Literature Review Summary
Table 10: Literature Review Summary
Reference | Country | Climate Simulatio | Thermal Major Findings
n Method | Improvement
Strategy
Shrestha | Nepal Kathmand | PMV, Passive design | Comfort
& Rijal, u Design strategies temperature:
2023b (Summer) | Builder (natural 26.6°C in
ventilation, summer;

wall insulation,
ceiling
insulation, roof

insulation,

Integrated model
reduces operative

temperature by
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thermal 3.3°C for
insulation) comfort.
Moktan Nepal Kathmand | Not Passive design | Classroom
& Uprety, u mentioned | strategies operative
2023 (Summer) (thermal temperature: 27—
insulation, 32°C; Integrated
thermal mass, | model  reduces
glazing) temperature by 2—
4°C.
Bakmoha | Iran Tehran Parametri | Building WWR
mmadi & c model | parameters significantly
Noorzali, using (orientation, influences
2020 Rhino wall thermal demand,
(Grasshop | inclination, daylight metrics
per, WWR, glazing | (UDI & DA), and
Honeybee | material) electric  lighting
, energy.
Ladybug)
_ _ Passive strategies
Passive design | o
) like building
strategies (wall )
) ) materials,
. insulation, )
Zahiri & Teheran ) ) ) glazing, and
) Design orientation, ) )
Altan, Iran winter ] ) orientation
) builder glazing, roof |
2020 climate ) i significantly
insulation,
enhance comfort
thermal o
) ) and  efficiency
insulation)

during winter.
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Optimization

of window

Found
contradictions in
optimizing

window size for

sizes for low | energy efficiency
Ochoa et Amsterda | Energy _
Netherla energy VS. visual
al., 2012 m plus ]
nds consumption comfort.
and high visual | Explored multi-
comfort objective
optimization
techniques.
Simulation results
showed that
insulation,
thermal mass, and
window glazing
Passive design | reduced
strategies temperatures by
Moktan ) (insulation, 2-4°C.  passive
Kathmand | Design _ )
& Uprety, | Nepal _ thermal mass, | design strategies
u Summer | Builder ) o
2023 and  window | significantly
glazing lower indoor
reduced) temperature
during the
summer and

maintain thermal
comfort in the

classrooms
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Zomorodi | Iran Kashan Design wall ratio, | Increasing WWR
an et al., (67% Builder incorporating to 35%, 40%, and
2016 clear, 23% light  shelves | 50%, along with a
partly- and roof | roof monitor,
cloudy monitors allows
and  10% compliance with
cloudy BREEAM and
during a LEED daylight
year) credits.
Kh et al., | Gaza Palestine | Design Orientation, East & south-
2014 builder WWR, facing
occupancy orientations
density, increase  energy
shading use. 25% WWR
devices balances
daylighting &
HVAC demand.
Occupancy
density (0.6
students/m?) has a
greater impact on
energy use than
glazing or opaque
materials.
Optimized
strategies reduced
energy use by
27%.
Pourya & | Canada | Québec Energy Window East &  west-
Alamdari, plus orientation, facing windows
n.d window-to- reduce  thermal
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floor ratio | comfort by 20-
(WFR), 25% in spring.
window North & south-
opening facing windows
strategy optimize 1AQ &
energy efficiency.
A 25% WFR is
ideal. Vertical &
central windows
increase heating
energy by 21%
but improve 1AQ
(Basnet & | Nepal Kathmand | Velux Daylight 30% WWR is
Uprety, u Daylight | analysis optimal for
n.d.) visualizer | s o 4ow-to- achieving 500 lux
Wall Ratio in offices. Higher
(WWR) WWR increases
optimization energy use &
glare without
improving
lighting.
North-South
oriented
) classrooms
Different )
o receive more
ECOTEC | direction of ) )
) _ | uniform daylight.
Saha et | Banglad T and | window  with
) ) East-West
al., 2017 | esh Radiance |shading and | )
) orientations face
software | with out
) glare and
shading )
overheating
issues. Proper
orientation
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Minimizing

East-facing

windows have

Monitorin o higher solar heat
_ solar radiation, ] o
(M. Al- g indoor ) gain, raising
o ) while thermal |
Tamimi Malaysi and ) ] indoor
insulation,
et al.,, | a outdoor ) temperatures
shading, and
2011) temperatu compared to
low  U-value ]
res west-facing ones.
glass _
Reducing WWR
to 25%
Improving The estimated
Thermal
thermal mean comfort
comfort ) )
insulation and | temperatures
] survey, ] _
Kalikot, | reducing were 17.2°C in
) Monitorin | ) )
(Shahi et Kathmand _ infiltration in | the cold region,
g indoor ) )
al., 2021) | Nepal u, ’ the cold region | 20.9°C in the
an
Chitwan increased temperate region,
outdoor ) )
indoor and 21.7°C in the
temperatu _
temperatures subtropical
res
by 1.1-1.8° region.
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CHAPTER 3: CONCEPTUAL RESEARCH FRAMEWORK

Visual performance

Thermal performance

— Literature /
Review WWR influence
Windows orientation
Window N
Configuration
Hygrometer for temperature data
and Lux meter for lighting level
/ Optimized Window
Case Shree configuration
— Study Balpremi
Secondary
. Questionnaire
survey on
thermal and
visual perception
Design Builder
Visual Performance
Optimization — Optimization T Thermal
model performance
Analysis, Findings Conclusion and
and Discussion ¥

Recommendation

A conceptual framework acts as a foundational structure for a research study,

illustrating the logical connections between the main variables involved. It typically

starts with the independent variable (1V), which is believed to have an effect on the

dependent variable (DV)—the primary outcome being investigated. In many cases, a

mediating variable (MV) is introduced to explain the process through which the 1V

influences the DV, providing deeper insight into the underlying mechanisms.

Additionally, a moderating variable (ModV) may be included to indicate conditions

that could alter the strength or direction of this relationship. This entire framework helps
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organize the research, develop focused questions or hypotheses, and guide the

methodology.

To effectively apply this framework, researchers use various methods to collect and
examine data. Case studies offer detailed, contextual understanding of the variables by
closely examining real-world examples. Field visits enhance this by providing direct
observation of the environment, allowing researchers to gather firsthand information
and validate the relevance of their theoretical model. For studies that require controlled
experimentation or forecasting, simulations can replicate conditions and test

assumptions in a virtual or experimental setup.

After collecting the necessary data, the next step involves data analysis, where
information is systematically evaluated to assess the relationships proposed in the
framework. Quantitative analysis might involve statistical techniques to test variable
interactions, while qualitative analysis focuses on interpreting patterns, meanings, or
experiences reflected in the data. Together, the conceptual framework and these
research methods form a comprehensive strategy for conducting a meaningful and well-
structured study.
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CHAPTER 4: METHODOLOGY
This study adopts a quantitative approach that combines field measurements,
simulations, and analytical methods to assess the impact of window design on thermal
and visual comfort, as well as energy efficiency, in school buildings during winter. The
research focuses on key design parameters, including window size, orientation,
window-to-wall ratio (WWR), thermal performance, and visual performance, with the
goal of developing context-specific recommendations for Nepalese school buildings.
The methodology includes a field survey, on-site measurements, and simulation
analysis. The survey collected data on environmental conditions and students' thermal
and visual perceptions to evaluate indoor thermal comfort. A structured questionnaire
survey will be carried out to get a general idea of the thermal and visual sensation as
experienced by occupants. On further process, a case study of school buildings selected
under categories of commonly found building typologies for educational buildings
around Nepal. On-site measurements included indoor temperature and humidity
readings using a digital hygrometer in the classroom, as well as illuminance

measurements using a lux meter.

The weather file was processed and converted into an "EPW" format for use in Design
Builder software. Thermal and non-thermal zones were defined based on field data, and
the comfort band for the study area was determined using the neutral temperature. The
selected building was then simulated in natural ventilation and daylighting operation
across all thermal zones. Input data on occupant activities and building usage were
gathered from field observations, while the thermal properties of materials were
sourced from the software's built-in database. The building model was developed, and
various simulation scenarios were created and analyzed to assess the impact of different
window configurations on thermal and visual performance. Following this, the effect
of various window configurations on thermal and visual performance will be studied.
Based on a literature review, it was observed that some studies used simulations

incorporating individual optimal technologies in isolation (Shrestha & Rijal, 2023a).
4.1 Paradigm

This research employs a pragmatic paradigm that aligns with the study’s objective of
creating practical, context-specific recommendations for optimum window design in

school buildings. By integrating data-driven analysis with user feedback, the research
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seeks to balance energy efficiency, thermal comfort, and visual comfort, providing

effective solutions to enhance learning environments in Nepal and similar settings.

Ontology (Nature of Reality): Reality is seen as fluid and context-specific, shaped by
various factors like climate, window design, and occupant behavior, all of which affect

indoor comfort and energy performance.

Epistemology (Nature of Knowledge): Knowledge is derived from a combination of
objective, quantifiable data and subjective user experiences, providing a comprehensive
understanding of the research issue.

Methodology (Approach to Inquiry): A mixed-methods approach is employed,
blending data-driven analysis with user-focused insights to offer practical, solution-

oriented outcomes.
4.2 Questionnaire

Based on the literature review, various variables affecting thermal and visual

performance due to window configuration in schools have been identified:

a) Geographic Location

b) Demographic Information

e Respondent name (optional)

e Age group

¢) Classroom Details

e Size of the classroom

e Orientation of the classroom

e Number and size of openings (windows, doors)

e Type of building materials used

e Total number of students

d) Thermal Perception

e Is room heating or cooling required during the summer and winter seasons?
e Which are the extremely hot and cold months of the year?
e Is the classroom comfortable during hot and cold days?

e If not, what are the reasons?

e) Energy Consumption
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9)

h)

How often do you need to use active heating or cooling systems during school
hours?

How often do you need to use artificial lighting during school hours?

Visual Perception

At what time of day does the classroom receive the most daylight?

Do you experience glare issues in the classroom?
What measures, if any, are taken to reduce glare in the classroom?

Do the indoor climatic conditions of the classroom affect your mood,

concentration, or well-being during lesson hours?

Overall, how do you find the visual appearance of the classroom?
How do you perceive any glare caused by the lamps?
Surveyor Checklist

Is there a provision of overhangs or other shading devices for rain protection?
Surveyor Observations

Sky condition during the survey (e.g., clear, cloudy, overcast).

Approximate temperature and humidity during the survey.

Approximate lux level in the classroom.

Thermal sensation of the room (e.g., warm, neutral, cool).

Visual sensation of the room (e.g., bright, dim, glaring).
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CHAPTER 5: CASE STUDY
5.1 Description of Case Study Building

T
The study area for this study is ‘
located in  Madhyapur  Thimi,

Bhaktapur, inside the Kathmandu ,
Valley. Kathmandu Valley is located e
in the central part of the country,
lying between 27°36' and 27°50'
north latitude and 85°07' and 85°37'
east longitude, with a mean elevation
of about 1300 meters (4265 feet) Figure 4: Goorgle site image

above sea level (Upadhyay, Yoshida,

& Rijal, 2006). The Kathmandu Valley records up to 35.6°C as the maximum ambient
temperature in summer. The temperature in winter ranges between 2°C and 20°C. The
average annual rainfall in the Kathmandu Valley is found to be 1400mm (Baniya,
Techato, Ghimire, & Shrestha, 2018). The coldest months are January and December,
whereas the hottest months are June, July, and August.

The case study chosen for this research is a school building named Shree Balpremi
Secondary School located at Madhyapur Thimi-4, Bhaktapur. Block 4-C-8 is a 4-story
building with 2 classrooms on each floor. The building is elongated in the south-north
direction, oriented towards the east. The building is rectangular in plan with a floor area
of 118.30 sg. m. The classroom is designed for 25 students. The building is a frame-
structured construction with 230 mm-thick brick masonry walls, maintaining uniform
thickness for both exterior and partition walls. Rebuilt after the 2072 earthquake, the
structure complies with government-issued school design guidelines and is classified

as a disaster-resilient school building.

Classrooms were naturally ventilated with a sill height of 3’ -0” and typical windows
(6’-0” X 4°-0”) and doors (3’-6” X 7°-0”). It features powder-coated metal doors and
windows with openings with 50% glazed shutters. Artificial lighting is installed in
classrooms to improve illuminance during class hours, while ceiling fans are provided

for cooling in the summer to help maintain thermal comfort.
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5.2 Field Measurement

The field study was conducted over five days in January 2025, measuring indoor air
temperature and daylight illuminance in a classroom. The table below presents the
specifications of the instruments used.

Table 11: Instruments Used

Specification Details

1. Digital Hygrometer HTC-2

Temperature and measurement range | 50 ~ +70 degree (-58 ~ +158°F)

Accuracy +1°C (1.8°F)
2. Digital lux meter HTC LX-101
Ranges 0-50,000 lux
Sampling Time 0.4 sec
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Operating Temperature 0%to 50° C(32°-122°F)

Operating Humidity Less than 80% R.H

The instruments were placed at a desk height of 800 mm from the floor, and readings
were taken at 10:00 AM, 1:30 PM, and 4:00 PM. This time frame was chosen based on
references from previous research studies. From the field study the mean indoor

temperature of classroom 6 was 16.9°C.
5.2.1 Indoor Temperature

In naturally ventilated classrooms, the indoor environment is highly influenced by
outdoor conditions. During the survey, classroom windows were kept closed, with
partially glazed openings. The mean indoor temperature recorded in the classroom was
16.9°C, which falls below the thermal comfort range from the study of (Shahi et al.,
2021) mean comfort temperature estimated using Griffiths’ method is 20.9°C for

Kathmandu during winter season.
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Figure 8: Internal Temperature of Classroom 6

Figure 8 chart illustrates temperature trends recorded from January 24 to January 31,
2025, showing a steady pattern with slight daily variations. Throughout the period, all
temperature readings stay below the set threshold of 20°C, marked by the bold brown
dashed line. The orange line, which represents the actual temperature measurements,
fluctuates modestly between 15 and 19 units at different times of the day—specifically
at 10:30 AM, 1:30 PM, and 4:00 PM. Above figure shows the need of internal heating

to meet the thermal comfort during winter season inside the classroom.
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5.2.2 Visual Performance

To study natural lighting in Grade 6 and 7 classrooms,

illuminance levels were measured on five different e E A
N

days: January 24, 26, 27, 28, and 31. Among these, data e
—
from January 28 and 31 were selected for detailed —— ——

comparison, as they best represented variations in — —

daylight conditions. % [ |

To study natural lighting in Grade 6 and 7 classrooms, alllU]

illuminance levels were measured on five different e
days: January 24, 26, 27, 28, and 31. Among these, data

from January 28 and 31 were selected for detailed — 7

comparison, as they best represented variations in — ——
_ _

daylight conditions. —

Measurements were taken with artificial lights switched %

off, at a height of 2’-6” (762 mm), which corresponds to THIRD FLOOR PLAN

118.30 Sgm

the average eye level of a seated student.

As shown in Figure 9, two measurement points were Figure 10: Floor plan
chosen inside each classroom: Point 1 near the window showing

and Point 2 farther inside the room. These points helped illuminance point
capture how daylight levels change across the

classroom space. The classrooms, each measuring 4270 mm x 5970 mm, are located

Comaprision of illuminace in classroom
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Flgure 9: Comparlson of Illluminance in Classroom
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on the third floor and share a similar layout and orientation, making them suitable for

comparison.

Figure 10 shows a detailed comparison of daylight illuminance levels in two
classrooms, one for the 6th grade (south-facing) and the other for the 7th grade (north-
facing), recorded at three intervals (10:30 AM, 1:30 PM, and 4:30 PM) on January 28
and 31. Measurements were taken at two points within each classroom: Point 1 near the
window (perimeter zone) and Point 2 further inside (deeper zone), with all values
compared against the recommended standard of 300 lux, shown by a dashed brown line.
The 7th-grade classroom displays more stable and evenly distributed lighting
throughout the day due to the presence of both eastern and western openings, which
help diffuse natural light effectively. This results in relatively higher illuminance levels,
especially at Point 1, where the peak value of 811 lux was recorded at 10:30 AM on
January 28. However, like the 6th-grade classroom, point 2 in the 7th-grade room
consistently shows lower illuminance, indicating limited daylight reach into the

interior.

In contrast, the 6th-grade classroom exhibits more extreme fluctuations in illuminance.
It receives strong direct sunlight from east-facing openings in the morning, such as 757
lux at Point 1 at 10:30 AM on January 28, but the levels drop sharply in the afternoon
due to ineffective west-facing windows, falling to 434 lux at 4:30 PM. Throughout both
days, point 2 in the 6th-grade room remains below the 300-lux standard, highlighting
poor daylight access deeper into the room—similar to the 7th-grade classroom. On
January 31, this trend continues, with the 7th-grade room maintaining stronger and
more balanced afternoon light (620 lux at Point 1 at 4:30 PM), while the 6th-grade

classroom again shows a more noticeable decline.
5.3 Questionnaire Survey

Based on the literature review, various variables affecting thermal and visual
performance due to window configuration in schools have been identified, and a
structured questionnaire was prepared. A structured questionnaire survey was carried
out among students in the classroom to gather insights on their thermal sensation,
preferences, and acceptability. The survey also aimed to understand their visual

sensations, preferences, and the impact of these factors on their learning experience.
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The survey was conducted on January 31st between 1:30 — 2:00 PM. The thermal
perception of the students was collected using the modified 7-point ASHRAE scale
(ASHRAE, 2020).

Table 12: Scales used for questionnaire survey

Scale Assigned | Thermal Sensation | Thermal Preference | Visual Preference
1 Cold A Bit Warmer Very Insufficient
2 Slightly Cold No Change Insufficient
3 Neutral A Bit Cooler Adequate
4 Slightly Warm Excessive
5 Warm

Figure 11: Design Builder model

5.4 Simulation

Nowadays, there are many software tools to carry out simulations. For this research,
DesignBuilder 6.1 was used for the thermal and visual performance of classrooms.
DesignBuilder is user-friendly 3D modeling simulation software based on the
EnergyPlus engine developed by the US Department, used to analyze energy use,
thermal comfort, daylighting, and ventilation for energy-efficient design, and has been

extensively tested, validated, and used around the world.

To carry out the simulation, a base model of the school building was created based on

its actual architectural design. A local weather file (.epw) representing Kathmandu's
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climate was applied to the model. Since the school is located near Tribhuvan
International Airport, the Kathmandu weather data, downloaded from the EnergyPlus

website, was considered appropriate for simulating local environmental conditions.

The simulation focused on the second floor of the building, which is more exposed to
sunlight and external climate conditions. Initially, the model was simulated using the
existing window-to-wall ratio (WWR) to establish baseline results. Following this, the
WWR was systematically varied in a series of simulations to examine its impact on
both daylight distribution and thermal comfort in the classrooms.

5.4.1 Parameter

Base model parameter

Table 13: Base model parameter

Windows WWR Occupancy
Class 6 10% 25
Class 7 10% 25

BALPREMI SCHOOL DESIGN BUILDER, Building 1, Block 1, Zone 1
Activity || Construction | Openings

& Template Teaching Areas

.Seu:mr D1 Mon-residential Institutions - Education
Zone type 1-Standard -
Zone multiplier 1

Include zone in thermal calculations

Include zone in Radiance daylighting calculations

. Floor Areas and Yalumes
Floor area (m2) 32.82
Zone volume (m3) 105.03
Inner surface mode Deflation
i Occupancy
Number of people 25
[iiSchedule LECTURE CLASSROOM
betabalic
/A Activity Reading seated
Factar (ten=1.00, Yamen=0.85. Children... 0.90
COZ generation rate (m3/s-W) 0.0000000382

Clothing
Clothing schedule definition 1-Genetic summer and winter clothine
Winter clothing (clo) 1.00

Figure 12: Activity parameters for Design Builder
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Figure 12 shows the simulation settings used in DesignBuilder for modeling a
classroom zone within a school building. The zone is defined under the "Teaching
Areas" template, aligned with the D1 category for non-residential educational
institutions. It is set as a standard single zone (multiplier: 1) and is included in both
thermal and daylighting analyses, allowing for comprehensive evaluation of its
environmental performance. The room has a total floor area of 32.82 square meters and

a volume of 105.03 cubic meters.

The occupancy settings indicate that the space accommodates 25 individuals, following
a 10am to 4pm schedule that outlines typical classroom usage hours. The occupants'
activity is set to "reading seated," which represents low physical activity and has a
metabolic factor of 0.90—slightly below the standard adult male reference. This affects
internal heat gains and contributes to the overall energy performance modeling. For
thermal comfort analysis, a predefined clothing schedule is applied, representing
seasonal variations in clothing insulation: 1.00 clo for winter (indicating heavier
clothing) and 0.50 clo for summer (indicating lighter clothing). These parameters are
essential for producing accurate simulations of both indoor thermal comfort and

daylight conditions within the classroom environment.
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CHAPTER 6: ANALYSIS AND FINDINGS
6.1 Thermal Sensation and Preference

From the survey, 56.7% of students reported feeling comfortable, while 33.3% found
the classroom slightly cold as shown in figure 6. 23% of student responded comfortable
during winter season shown in figure 14. According to the ASHRAE standard,
classroom need 80% of acceptability level to satisfy (ASHRAE, 2020). The classroom
in this study is unable to meet these criteria.

How do you feel at this present moment in the classroom?

60

50

40

Percent

30

20

Cold MNettral Sliahtls cold Sliahtlv warm

Figure 13: Thermal Preference

How would you describe the thermal comfort in the classroom during the Winter?

Percent

Comfortable MNeutral Uncomfortable Very Comfortable

Herwrnmnnild von daercriha tha tharmal ramfart in tha clacernnm durina tha Wintar?

Figure 14: Thermal comfort survey
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6.2 Visual Preference

50% of students voted insufficient daylight in the classroom, with most perceiving the
highest daylight levels around noon. Furthermore, 73% of students occasionally felt the
need for artificial lighting, while 46.7% rarely experienced glare issues. However, no

measures such as curtains were implemented to reduce glare.

Interestingly, most students were uncertain about the impact of window size on thermal
and visual comfort in the classroom. Additionally, 96.7% of students preferred to keep

the window size unchanged.

amount of daylighting
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Figure 16 : Maximum Daylighting
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From survey on daylighting, 53.3% students responded maximum daylighting during
afternoon time shown as figurel5. 50% of student responded insufficient daylighting

during class hours shown as figure 14.
6.3 Energy Performance

From conducted the survey, 73.3% of student responded occasionally and 26.7%
responded for rarely for the use of artificial lighting during school hour. Similarly,
76.7 % of student responded on need of heating or cooling during summer/winter
season and 23.3% of student responded not required for heating and cooling during

summer/ winter.
6.4 Validation
Visual performance

To verify the reliability of the simulation results, illuminance readings taken on March
7, 2025, at 4:00 PM under an overcast sky were chosen for analysis. This particular
time and date were selected due to the stable overcast sky, which provided evenly
distributed daylight. Such conditions are ideal for evaluating daylight simulations, as
they eliminate the variability caused by direct sunlight and ensure consistent lighting

throughout the room.

The field measurements were conducted in Classroom 6 using a grid layout with
intervals of approximately 1.06 meters. This spacing was intentionally selected because
indoor lighting levels can vary noticeably over small distances, especially near
windows, walls, or furniture. A finer grid allowed for more accurate detection of
variations in light levels across the space. The complete layout of the observation grid

used for data collection is included in the Annex.

The on-site illuminance data were then compared with simulated results generated
using the same environmental settings, including identical room geometry, materials,
and sky condition. The following table presents a detailed comparison of the observed
and simulated values at each measurement point, along with the calculated differences

(errors).
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Table 14:Comparison of observed and simulation data for the day of March 7, 2025 at

4:00 PM

Points Observed data Simulated data Error
A 278 354 -76
B 170 237 -67
C 115 249 -134
D 302 266 36
E 273 267 6
F 441 414 27
G 264 261 3
H 314 266 48
| 700 633 67
J 258 207 51
K 330 238 92
L 879 820 59
M 153 103 50
N 296 300 -4
0 523 529 -6

Average 353.0667 342.9333 -10.1333

As shown in the table, some points (e.g., E, G, N) show a close match between observed

and simulated illuminance values, with minimal differences. However, several

locations—such as Points C, K, and B—display more noticeable discrepancies. The
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largest negative error of -134 lux was recorded at Point C, indicating a significant
overestimation by the simulation. On the other hand, Point D had a positive difference

of 36 lux, where the simulated value was slightly lower than the measured one.

The overall average observed illuminance was 353.07 lux, while the average simulated
illuminance was 342.93 lux, resulting in a small mean difference of -10.13 lux. This
relatively minor variation indicates that the simulation results align closely with real-
world conditions under overcast skies. Despite a few localized inconsistencies, the

general accuracy of the simulation model is validated.

Legend(hu)
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Figure 17 Classroom 7 daylighting field data heatmap

Above figure 17 shows the classroom illuminance level measured through digital lux
meter. From the image higher illuminance can be seen towards west side of classroom
where large window opening ranges form 441-879 lux, with eastern side of classroom
ranges form 115-302 lux and at center grid ranges with 170-330 lux.

From the analysis the error percentage is 2.8%. Above table demonstrates some

difference between site data and simulated data, due to several reasons listed below:

e The surface reflectivity of site and that of one used to model may also vary
resulting in difference in calculation.

e The light meter is very sensitive device and the reading can be affected by with
slight change in position and other unintended disturbance.

Since the observed data and simulated data are not 100%. So, simulation results need

to be referred vary need to be referred for major decisions.
6.5 Simulation Result

The render for studying illuminance level was done using overcast sky condition for
the month of January for worst case scenario, with higher resolution and render quality.

Similarly thermal performance also studied along with it at 1:00 pm.
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6.5.1 Base case model

Table 15: Base model building material Thermal properties

Components | Materials Thickness(mm) | U value
(W/m K)

Wall Brick with 12mm plaster on both 230 2.04
side

Ceiling RCC with 150 2.53
screeding

Floor RCC with 50mm 150 2.53
screeding

Windows Single glazed & powder coated 40 5
metal shutter with 40% glazed

Doors Powder coated metal 40 5

Table 15 shows building material and their thermal properties for the base model of a
classroom. The walls are made of brick with 12 mm plaster applied on both sides,
having a thickness of 230 mm and a U-value of 2.04 W/m2-K, without insulation. The
ceiling and floor are both constructed using reinforced cement concrete (RCC) with
screeding, each 150 mm thick, and have a U-value of 2.53 W/m2-K, suggesting a
slightly higher rate of heat transmission than the walls. The windows consist of single
glazing with powder-coated metal frames, featuring 40% glass coverage and a thickness
of 40 mm. They have a high U-value of 5 W/m2-K, showing that they offer minimal
resistance to heat flow. The doors, also 40 mm thick and made of powder-coated metal,

share the same U-value of 5 W/mz2-K.
Thermal Performance

From the simulation, 10% WWR base model shows that thermal comfort is not
achieved average temperature from 10:00 am- 4:00 pm is 15.3°C which is below
thermal comfort temperature i.e. 20.9°C. While solar gains through windows increase

steadily, reaching 2.11 kW by 16:00 pm, they are insufficient to offset significant heat
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losses, particularly through the external floor and walls. The building shows thermal
lag, with indoor temperatures rising slowly despite increasing outdoor temperatures.
Overall, the 10% WWR provides limited passive heating, indicating the need for better
insulation and potentially higher WWR or optimized window placement to improve

winter thermal performance.
Visual Performance

Table 16: Window configuration

Base model
Location size Average lux
West 1.8 x 1.2 (2nos) 342.93
East 1.8x1.2

(2nos)

South

The base model used for simulation uses the typical windows of size 1.8 m width and
1.2 m height. The west facade consists of two windows, and the east facade has a single
window and is windowless in the southern facade, resulting in a greater impact on

daylight assessment inside the classroom.

The daylight assessment
evaluation for this classroom
occurs under overcast  sky
conditions according to Figure 18.
The highest amount of daylight
reaches the western area of the
classroom because it contains a

greater number of openings

compared to the other regions. The

rear region of the classroom

Figure 18 Base model illuminance
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experiences minimum illumination of 103 lux while the overall average daylight factor
(DF) amounts to 9.15% and average illuminance remains at 342.93 lux. The study
reveals through Figure 18 that the existing window placement leads to lighting
inequality inside the classroom space. The classroom needs improved lighting which

requires a higher and optimally designed window-to-wall ratio (WWR) system.
6.5.2 WWR 12%

In this model, input parameter is same as base model except windows are changed to

fully glazed of 6mm clear glass and with aluminum frame.

Thermal performance

Thermal Performance for 12% WWR
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Figure 19:Thermal performance for 12% WWR

Figure 19, shows the thermal performance with improved window wall ratio of 12%
and window configuration of base model with adding window in southern external wall
and adjusting size of the windows shows improved thermal conditions throughout day
on January 28, 2025, mainly due to solar gains. The operative temperature grows from
its starting point of 13.67°C at 10:00 until it reaches 19.49°C at 15:00. The passive solar
contribution through window gain shows a direct correlation with the rising solar heat
gains from 1.48kW to over 2.59 kW while also demonstrating the importance of heat
from sunlight even with small change of window size can increases solar gain than base
model. Radiant temperature changes 13.7°C at 10:00 and its peak temperature 19.69°C
during 16:00. Thermal comfort depends on surface heat effects to a higher extent than
it depends on air temperature levels. The floor loses most energy throughout the day

because it generates maximum heat loss of -1.35 kW from floor during early afternoon
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which exceeds both roof and wall losses. The transfer of heat through interior walls
between rooms proves to be ineffective. The examination results indicate that windows
of minimal size effectively increase interior warmth through solar heat gain yet major

thermal losses through floors and roofs hinder total energy efficiency.

Visual performance

Under overcast sky conditions,
increasing the Window-to-Wall
Ratio (WWR) from 10% to 12%

leads to an improvement in the

DF lux

46.56 - 2908

37.25 2327

classroom’s overall illuminance.
However, the evaluation shows
that  daylight  distribution

27.94 1746
18.62 1165

584

remains uneven across the

interior due to the orientation
and positioning of 12% WWR

openings on the south, east, and Figure 20: WWR 12% illuminance
west walls.

The peak illuminance is recorded at 1160 lux along the western facade, where sunlight
enters more directly compared to other sides. In contrast, the minimum illuminance is
observed at 197 lux in the southeast corner of the classroom. The Daylight Factor (DF)
reaches 7.51%, and the average daylight level is measured at 468 lux. Despite these
values, daylight performance is dissatisfactory in areas further from the windows.
[lluminance significantly diminishes towards the rear and central zones of the
classroom, where values range between 301 lux and 422 lux. Light entering from the
east and west facades contributes to overall brightness but is insufficient to prevent the
natural attenuation of light in deeper areas of the room. As a result, the illuminance
level at the center of the classroom decreases with distance from the windows. Notably,
21% of the classroom floor area receives less than 300 lux, which falls below the

recommended standard for adequate visual comfort and learning environments.
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6.5.3 WWR 16%

In this model, input parameter is same as base model except windows are changed to
fully glazed of 6mm clear glass and with aluminum frame. Using Tabel 16 window

configuration thermal and visual performance is analyzed.

Table 17 shows the window configuration for WWR16% with the use of a typical
window size of 2.1m width and 1.5 m height. The southern facade is provided with a
typical window of 2.1m width and 0.6m height, which acts as a critical factor for

classroom thermal and visual performance.

Table 17: Window configuration

16% WWR optimized model
Location size Average lux
West 2.1 x 1.5 (2no0s) 582
East 2.1 x 1.5(1nos)
South 2.1 x .6 (1nos)

Thermal Performance

Thermal Performance for 16% WWR
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Figure 21: Thermal performance for 169%0WWR

64



Figure 21 illustrates the thermal performance of a classroom with an improved 16%
Window-to-Wall Ratio (WWR), achieved by adjusting the window sizes on external
walls. This modification results in improved thermal conditions throughout the day on
January 28, 2025, primarily due to increased solar gains. Enlarging the windows on the
west, east, and south facades raises solar gains from 1.69 kW to a peak of 3.52 kW at
15:00, which subsequently increases the indoor air temperature—reaching a maximum
of 20.24°C at 16:00 and 13.73°C at 10:00. The mean radiant temperature follows a
similar trend, rising to 13.8°C at 10:00 and peaking at 20.45°C at 16:00. Thermal
comfort is influenced more significantly by surface heat exchange (such as radiant

temperature) than by air temperature alone.

Among all surfaces, the floor contributes the most to heat loss, with a maximum thermal
loss of -1.72 kW during early afternoon, surpassing losses from both the roof and walls.

Additionally, heat transfer through interior walls proves to be minimal and ineffective.

Overall, while minimally sized windows effectively enhance indoor warmth through
passive solar heat gain, substantial thermal losses through the floor and roof continue

to limit the classroom’s overall energy efficiency.

Visual Performance

Under the overcast sky condition, the
maximum illuminance for classroom 6 is
1360 lux and minimum is 146 lux with
average DF 9.37% and average daylight
582 lux which meets standard average 500

lux for classroom. Providing windows in

southern wall help in balance illuminance

inside the classroom shown as figure 22.

Figure 22:16% WWR illuminance

Since WWR 16% meets Visual

requirement but not meet thermal performance need of improved optimized WWR.
6.54 WWR 18%

In this model, input parameter is same as base model except windows are changed to
fully glazed of 6mm clear glass and with aluminum frame. Table 13 shows window

configuration of window used in the scenario.
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Table 18: Window configuration in 18% WWR

18% WWR optimized model
Location size Average lux
West 2.1 x 1.5 (2nos) 655
East 2.1 x 1.5(1nos)
South 2.4 x 1.05(1nos)

Table 18 shows the window configuration for WWR18% with the use of a typical
window size of 2.1m width and 1.5 m height. The southern facade is provided with a
typical window of 2.4m width and 1.05m height, which acts as a critical factor for
classroom thermal and visual performance. The size of the windows is changed for the

improvement of the thermal and visual performance of the classroom.

Thermal Performance

Thermal Performance for 18% WWR
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Figure 23: Thermal performance for 18% WWR

With improved 18% WWR with adjusting the size of windows in external wall shows
improved thermal conditions throughout day on January 28, 2025, mainly due to solar
gains. Maximum temperature 20.77°C during 16:00 pm. Average indoor temperature

during the school hour is 16.85°C which is below thermal comfort temperature i.e.
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20.9°C. During 15:00 pm solar gain from windows reach to maximum 3.95 KW and
slightly dropping to 3.77 kW by 4:00 PM whereas walls, roofs, floors and partition are

related for heat loss. So, windows area can relate to thermal performance.
Visual Performance

Under the overcast sky condition, the maximum illuminance for classroom 6 is 1370
lux and minimum is 148 lux with average DF 9.37% and average daylight 611 lux

which meets standard average 500 lux for classroom.

Since WWR 18% meets Visual requirement but not meet thermal performance need
of improved optimized WWR.

DF lux
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24.40 1524

18.30 [N 1143

12.20 762

381

Figure 24: 18% WWR illuminance

6.5.5 WWR 20%

In this model, input parameter is same as base model except windows are changed to
fully glazed of 6mm clear glass and with aluminum frame. Table 14 shows window

configuration of window used in this scenario
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Table 19: Window configuration in 20% WWR

20% WWR
Location size Average lux
WEST 2.25 X 1.5 (2nos) 611
East 2.25 X 1.5(1nos)
South 2.4 X 1.2(1nos)

Table 19 shows the window configuration for WWR 20% with the use of a typical
window size of 2.25m width and 1.5 m height. The southern facade is provided with a
typical window of 2.4m width and 1.2m height, which acts as a critical factor for

classroom thermal and visual performance.

Thermal Performance

Thermal Performance for 20% WWR
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Figure 25: Thermal performance for 20% WWR:
With improved 20% WWR with adjusting the size of windows in external wall shows
improved thermal conditions throughout day on January 28, 2025, mainly due to solar
gains. Maximum temperature 21.13°C during 16:00 pm. Average indoor temperature
during the school hour is 17.1°C which is below thermal comfort temperature i.e.

20.9°C. During 15:00 pm solar gain from windows reach to maximum 4.29 KW and
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slightly dropping to 4.08 kW by 4:00 PM whereas walls, roofs, floors and partition are

related for heat loss. So, windows area can relate to thermal performance.

Visual Performance

Under the overcast sky condition, the
maximum illuminance for classroom 6 is
1414 lux and minimum is 164 lux with
average DF 10.08% and average daylight
611 lux which meets standard average 500

lux for classroom.

Since WWR 20% meets Visual
requirement and nearly meets thermal
comfort. With the increase WWR to 20%

due to increase of size of windows in

Figure 26: 20% WWR illuminance

western and easter walls, increase in glare. So, to optimized both thermal and visual

performance, passive strategy scenario optimized scenario is created. Mahoney table

suggest 20-40% WWR inside Kathmandu valley. Hence this scenario meets Mahoney

Tabel and amount of glare was analyzed.

Glazing Analysis

With the increase in WWR ratio, there also increase glare inside the classroom crating

visual imbalance. Illuminance of classroom 6 is analyzed under sunny intermediate for

glare effect. Result shows average illuminance is 1597 lux, around 45% of area of

classroom shows glare around 2pm. During 1pm average illuminance is 728.34 lux and

30% of area shows glare
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Figure 27: llluminance of room
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The figure 29 shows average illuminance data and glare percentage measurements that

change during classroom hours in a building with 20% window-to-wall ratio (WWR).
Illuminance rates stay stable between 1400 lux and 1800 lux from 10 AM until 2 PM

when reaching its peak at 1 PM. The illuminance levels decrease swiftly from 800 lux

to 250 lux between 3 PM and 4 PM. The percentage of glare experienced by occupants

shows a gentle decline from 30% at 10 AM until 11 AM reaches its minimum point at

25% before it starts increasing again through the afternoon until reaching a peak at 45%

at 2 PM.

Illuminance at 20% WWR
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Figure 29: llluminance and Glare at 20% WWR
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The intensifying glare during early afternoon creates lighting complications after
sufficient daylight exposure during late morning and early afternoon periods has been
achieved. Daylight conditions between 2 PM and other hours will become insufficient
without artificial lighting sources to supplement the reduced available light. The figure
shows why it matters to maximize daylight access through glare control to achieve

visual comfort within spaces having a 20% WWR.
6.5.6 WWR 25%

Visual Performance
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Figure 30 shows  the
daylight illuminance inside classroom with 25% window wall ratio under the overcast
sky condition. Evaluation of the classroom reveals how daytime lighting illuminates
unevenly through the interior because it extends to 25% Window-to-Wall Ratio (WWR)
openings across south, east, and west walls. The peaks of illuminance reach 1475 lux
along the southern facade because sunlight enters this area most strongly. Similarly,
minimum 349 lux in northern side of classroom with no windows. The observed
Daylight Factor (DF) values in these spots exceed 2% which meets requirements for
visual activities. Daylight illumination dissatisfying diminishes substantially in the
remote distances from windows especially affecting the rear sections and central space
of the classroom where lighting amounts fall range of 559 lux- 670 lux. lux along with
acceptable DF metrics. Light entering from east and west windows affects daylight
distribution throughout the space yet fails to prevent the light attenuation happening

deeper inside the room. The implemented daylighting design accomplishes LEED v4.1
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basic illumination requirements because all measured lighting levels exist between 300
to 3000 lux.

Thermal Performance
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Figure 31: Thermal Performance (WWR 25%)

Figure 31 Thermal performance (WWR 25%) shows thermal performance of classroom
with 25% window wall ratio providing how indoor condition changes throughout the
occupant hour. The operative temperature steadily increases from around 13°C at 10:00
to approximately 22°C by 15:00, indicating improved thermal comfort as the day
advances. This trend closely follows the rise in solar gain, which grows from 2 kW to
over 6.5 kW, emphasizing the important role of passive solar heating, even with a
relatively small window area. While radiant temperature also increases steadily, air
temperature remains relatively constant between 10°C and 13°C, suggesting that
surface heat has a greater influence on indoor comfort than air temperature alone. Heat
loss is most significant through the floor, reaching nearly -3 kW by early afternoon,
while losses through the roof and walls remain moderate and steady. Heat transfer
through internal partitions is minimal. Overall, the data shows that even a limited
window area can significantly boost indoor warmth through solar gain, although
considerable heat loss through the floor and roof may still hinder overall thermal

efficiency.
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6.5.7 WWR 30%

Visual Performance

Figure 32, shows the daylight
analysis of the schoolroom performed
with 30% WWR design and lateral
windows facing south and east and

west showed a better light

distribution  pattern along with
enhanced illumination levels
compared to 25% WWR distribution.

Southern classroom walls facing

south show the maximum

illuminance levels of 1475 lux at their

Figure 32: llluminance (WWR 30%)

bottom-center location due to sufficient

daylight penetration from these openings. Daylight Factors in this area surpass 2%
which gives the space optimal conditions for regular classroom activities. The central
classroom section receives illuminance levels between 562 lux and 678 lux thus
demonstrating better lighting quality compared to the 25% WWR area. The daylight
factors recorded in this area meet the LEED v4.1 requirements for 300 to 3000 lux of
interior lighting quality while promoting sustainability through daylight utilization. A
combination of east and west-facing windows produces improved uniform illumination
together with balanced lateral lighting throughout the space area. The light intensity
levels maintain a reduced decline at the rear of the classroom which produces 354 lux
readings instead of previous model results.

The widened windows have shown to deliver improved sun exposure between 416 lux
to 597 lux and better sunlight distribution within the entire space. The classroom design
with 30% WWR and southern and eastern and western openings delivers superior
daylight performance and better lighting stability across the interior area. LEED v4.1
daylighting requirements are satisfied by most of the classroom area especially in
central and front sections suggesting the design delivers superior visual comfort and

natural light performance.
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Thermal Performance
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Figure 33:Thermal Performance (WWR 30%)

The thermal response and indoor condition changes of a classroom with 30% window-
to-wall ratio (WWR) can be observed through Figure 33 during the occupant day. The
operative temperature grows from its starting point of 14.5°C at 10:00 until it reaches
22.6°C at 15:00 because thermal comfort conditions improve throughout the day. The
passive solar contribution through window gain shows a direct correlation with the
rising solar heat gains from 3 kW to over 5.28 kW while also demonstrating the
importance of heat from sunlight even with small window dimensions. Air temperature
demonstrates minimal change over the day as it fluctuates between 14.6°C and 22.7°C
yet radiant temperature continues to grow progressively until reaching its peak.
Thermal comfort depends on surface heat effects to a higher extent than it depends on
air temperature levels. The floor loses most energy throughout the day because it
generates maximum heat loss of -2.4 kW during early afternoon which exceeds both
roof and wall losses. The transfer of heat through interior walls between rooms proves
to be ineffective. The examination results indicate that windows of minimal size
effectively increase interior warmth through solar heat gain yet major thermal losses

through floors and roofs hinder total energy efficiency.
6.5.8 WWR 35%

Visual Performance and Thermal Performance
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Under overcast sky condition, the

1067 790

daylight analysis of a classroom with

; . 1320 | 1956
its 35% WWR design shows lateral

1377 | 4052

windows facing south, east, and west
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as reported in Figure 34. With its
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illumination surpasses what a 30%
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WWR design could provide. The w‘ .

daylighting conditions of the
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southern  walls  (facing  south) Figure 34: Daylightilluminance (WWR
provide the most illumination because 35%)

these walls allow substantially bright

light to enter through their openings reaching 1678 lux at their bottom-center section.
Daylight factors measuring greater than 2% enable this area to provide suitable lighting
conditions needed for standard classroom activities. The illumination quality in the
middle area of the classroom reaches from 692 lux to 824 lux which exceeds lighting
standards compared to the 30% WWR design. The daylight measurements within this
space fulfill LEED v4.1 requirements for lighting quality because they exceed 300 lux
and do not exceed 3000 lux while helping achieve sustainable practices through
daylight optimization. The east-facing and west-facing windows work together to
distribute both uniform illumination and balanced lateral lighting throughout the whole

space.

The rear section of the classroom exhibits reduced light intensity decline as reflected in
light readings of 486 lux that show better performance than the earlier model results.
The interior lighting stability reaches optimal levels while superior daylight
performance results from a 35% WWR in combination with openings that face south,
east and west. The central front regions along with most parts of the classroom area
fulfill the daylighting requirements of LEED v4.1 for visual comfort and natural light

distribution.
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Thermal performance
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Figure 35:Thermal Performance (WWR35%)

The thermal response and indoor conditions in a classroom having a 35% window-to-
wall ratio (WWR) run continuously from 10:00 to 16:00 can be observed in Figure 35.
Thermal comfort finds improvement through an increasing operative temperature
variation from 14.9°C at 10:00 to 24.3°C at 16:00. A direct relationship exists between
window gain and solar heat gains because the heat flux rises from 4.1 kW to over 7.4
kW which demonstrates the significance of solar heat even with small windows. The
daily air temperature period ranges from 15°C to 24.5°C and the radiant temperature
continuously grows into its peak during afternoon hours. Research indicates that
building surfaces generate more heat effects than changes in air temperature do on
building comfort. The floor represents the main heat transfer point where heat loss
reaches its maximum level of -3.42 kW during daylight hours. The internal partitions
resist heat transfer to a negligible extent. With the increase in size of windows solar

gain increases as result increase in internal operative temperature.
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6.5.9 WWR 40%

Figure 36, shows the daylight

1184 851

analysis of the schoolroom
performed with 40% WWR design
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maximum illuminance levels of

2023 lux at their bottom-center Figure 36:Daylighting i)lluminance (WWR
40%

distribution. Southern classroom

walls facing south show the

location due to sufficient daylight

penetration from these openings. Daylight Factors in this area surpass 2% which gives
the space optimal conditions for regular classroom activities. The central classroom
section receives illuminance levels between 820 lux and 899 lux thus demonstrating
better lighting quality compared to the 35% WWR area. The daylight factors recorded
in this area meet the LEED v4.1 requirements for 300 to 3000 lux of interior lighting
quality while promoting sustainability through daylight utilization. A combination of
east and west-facing windows produces improved uniform illumination together with
balanced lateral lighting throughout the space area. The light intensity levels maintain
a reduced decline at the rear of the classroom which produces 407 lux readings instead

of previous model results.

The widened windows have shown to deliver improved sun exposure and better
sunlight distribution within the entire space. The classroom design with 40% WWR and
southern and eastern and western openings delivers superior daylight performance and
better lighting stability across the interior area. LEED v4.1 daylighting requirements
are satisfied by most of the classroom area especially in central and front sections

suggesting the design delivers superior visual comfort and natural light performance.
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Thermal Performance
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Figure 37: Thermal Performance (WWR40%)

The thermal response including indoor conditions of a classroom with 40% window-
to-wall ratio (WWR) can be observed through Figure 37 during an entire occupant day.
The thermal comfort improves over time because the operative temperature increases
from its initial reading of 15.3°C at 10:00 until it reaches 25.8°C by 16:00. A direct link
exists between window gain and solar heat gains since the heat flux increases from 5.5
kW to over 8.9 kW showing the importance of solar heat despite having limited window
openings. The study demonstrates that air temperature margins from 15.4°C to 25.9°C
while radiant temperature grows progressively until its peak reading. The evidence
indicates that people feel most comfortable when their skin interacts with the heat from
building surfaces rather than when they experience air temperature changes. The main
cause of heat discharge occurs through the floor where heat loss reaches -3.9 kW at its
highest point during the afternoon hours. Internal partitions at the building exhibit
virtually no heat transfer properties. The outcomes show that small-sized windows
enhance solar heat gain within spaces while substantial thermal losses through building

roofs and floors result in reduced energy efficiency.
6.5.10 Optimized scenario for retrofitting

Rate of heat transfer becomes slow with the use of good insulation material in buildings
and results in comfortable indoor environment. In this optimized scenario 20% WWR

which shows good visual performance but need to improvised for thermal performance
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so wall insulation and ceiling insulation was used 75mm rock wool for wall insulation

and 50mm Expanded Polystyrene (EPS) insulation.

Outer surface Inner surface

230:00mm Brick - buned

Outer surface
Inner surface

Figure 38:Wall Section Figure 39:Ceiling section

Table 20: Thermal properties for Optimized scenario for optimized model

Components | Materials Thickness(mm) | U value
(W/m K)
Wall Brick with 12mm plaster on both 230 0.48
side and 75mm rock wool
insulation
Ceiling RCC slab with 50mm EPS 0.625 0.625

Expanded Polystyrene insulation

Floor RCC with 50mm 150 2.53
screeding

Windows Double glazed clear 6mm glass 3.09
SHG=0.7

Doors Powder coated metal 40 5
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Table 20 represents the optimized scenario of the classroom, which introduces
improved thermal insulation to enhance energy efficiency and indoor comfort. The
walls now include 75 mm of rock wool insulation along with brick and plaster, bringing
the U-value down to 0.48 W/m?2-K, which indicates excellent resistance to heat flow.
The ceiling has been upgraded with 50 mm of expanded polystyrene (EPS) insulation
over the RCC slab, achieving a low U-value of 0.625 W/mz2:K. Although the floor setup
remains unchanged, with a U-value of 2.53 W/mz2-K, it is less effective in insulation
compared to the other upgraded components. The windows have been improved with
double-glazed clear glass featuring a Solar Heat Gain coefficient (SHG) of 0.7,
lowering the U-value to 3.09 W/m2-K and enhancing their thermal performance. The
doors, however, remain as powder-coated metal with a U-value of 5 W/m2-K,

continuing to be the least thermally efficient element.
Thermal Performance

With improved optimized retrofitting scenario improved thermal conditions throughout
day on January 28, 2025, mainly due to solar gains. Maximum temperature 26.48°C
during 16:00 pm. Average indoor temperature during the school hour is 22.6°C which
meets thermal comfort temperature i.e. 20.9°C. During 15:00 pm solar gain from
windows reach to maximum 3.17 KW and slightly dropping to 3.06 kW by 4:00 PM
whereas walls, roofs, floors and partition are related for heat loss. So, windows area can

relate to thermal performance.

Thermal Performance for optimized for Retrofitting
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Figure 41 Variation in indoor temperature between base model and optimized
retrofitting scenario

From above figure 40 shows that with the increase in WWR to 20% and use of wall
insulation and ceiling insulation was used 75mm rock wool for wall insulation and
50mm Expanded Polystyrene (EPS) insulation results increasing heat gain through
window about 1kw and reduce heat loss. Indoor temperature of base model is beyond
comfort level but in optimized model increase in indoor temperature meets the comfort
temperature. With the comparison of thermal performance between base model and
optimized retrofitting scenario, internal operative temperature can be increased to 4-

5°C.

Visual performance

The image illustrates the daylight
factor (DF) and illuminance
distribution of a retrofitted classroom
model with a 20% window-to-wall
ratio (WWR), incorporating windows
on the south, east, and west facades.
The retrofitting strategy includes the
use of rock wool insulation in the

walls, expanded polystyrene (EPS)

Figure 42:: llluminance of room with for
Retrofitting Scenario

insulation in the ceiling, and double-
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glazed windows to enhance both thermal and visual performance.

Under the overcast sky condition, the maximum illuminance for classroom 6 is 1205.43
lux and minimum is 260.45 lux with average DF 9.24% and average daylight 590.6 lux
which meets standard average 500 lux for classroom. Higher daylight levels are
observed near the window-facing sides, especially toward the bottom and left areas of
the plan, while the central and top-right zones exhibit significantly lower illuminance,

indicating limited daylight penetration.

The use of insulation materials along with double glazing enhances thermal comfort by
minimizing heat loss and gain through the building envelope, while still allowing ample
natural light in zones near the windows. This retrofitting strategy effectively balances

energy efficiency with improved indoor comfort for occupants.
6.5.11 Optimized scenario for New Construction

Rate of heat transfer becomes slow with the use cavity wall masonry in buildings as it
is responsible for heat gain, loss and results in comfortable indoor environment. In this
optimized scenario 20% WWR which shows good visual performance but need to
improvised for thermal performance. So, cavity wall is used as optimized scenario as

new strategy for new construction techniques for improved thermal performance.

Outer surface Inner surface

11U.IUUmrn B rick burned 7

12.00mm  Air layer, 50mm, walllnat to scale)

110.00mm ,érick - burned

Inner surface Outer surface

Figure 43: Cavity Brick Wall section Figure 44: Ceiling section

Table 21 outlines the thermal performance of various construction components
optimized for a newly built classroom, focusing on energy efficiency and

constructability. The walls are designed with brick and a cavity, which improves
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insulation by creating an air gap within the structure, resulting in a U-value of 1.39
W/mz.K, indicating better performance than solid brick walls. The ceiling is
constructed with a 150 mm thick RCC slab and has a U-value of 2.7 W/m?-K, offering
moderate thermal insulation without added insulating material.

Table 21: Thermal properties for Optimized scenario for optimized model new

construction

Components | Materials Thickness(mm) | U value (W/m
K)
Wwall Brick with cavity 1.39
Ceiling RCC slab 150 2.7
Floor RCC with 50mm 150 2.7
screeding
Windows Double glazed clear 6mm 3.09
glass
SHG=0.7
Doors Powder coated metal 40 5

Similarly, the floor is made of RCC with 50 mm screeding, also 150 mm thick and with
the same U-value of 2.7 W/m2-K, showing comparable thermal characteristics to the
ceiling. The windows use double-glazed clear glass with a thickness of 6 mm and a
Solar Heat Gain Coefficient (SHG) of 0.7, achieving a U-value of 3.09 W/m?2-K, which
enhances insulation and helps reduce heat gain from sunlight. The doors are made of
powder-coated metal, 40 mm thick, and maintain a high U-value of 5 W/m2-K, making

them the least efficient in terms of thermal insulation.
Thermal Performance
With improved optimized retrofitting scenario improved thermal conditions throughout

day on January 28, 2025, mainly due to solar gains. Maximum temperature 20.9°C
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during 16:00 pm. The thermal response and indoor conditions in a classroom having a
20% window-to-wall ratio (WWR) run and use of cavity wall insulation to increase
thermal performance continuously from 10:00 to 16:00 can be observed in Figure 45.
Thermal comfort finds improvement through an increasing operative temperature
variation from 14.5°C at 10:00 to 21.06°C at 16:00. Average indoor temperature during
the school hour is 17.2°C. A direct relationship exists between window gain and solar
heat gains because the heat flux rises from 1.76 kW to over 3.06 kW. The daily air
temperature period ranges from 14.37°C to 20.92°C and the radiant temperature
continuously grows into its peak during afternoon hours. The floor represents the main
heat transfer point where heat loss reaches its maximum level of -3.42 kW during
daylight hours. The internal partitions resist heat transfer to a negligible extent. With

the increase in size of windows solar gain increases as result increase in internal
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Figure 45: Thermal Performance for optimized for new construction

operative temperature.

From figure 46, shows that with the increase in WWR to 20% and use of cavity wall
increasing heat gain through window about 1kw and reduce heat loss. Indoor
temperature of base model is beyond comfort level but in optimized model increase

temperature increases from 1-2°C.
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Figure 46: Variation in indoor temperature between base model and optimized new
construction scenario

Visual performance

Figure 47 illustrates the daylight
factor (DF) and illuminance
distribution of the optimized

classroom model with a 20%

. . DF lux
window-to-wall ratio (WWR) oo . .
for a new construction scenario, 1460 otz

10.95 684

incorporating windows on the

456

south, east, and west facades.

228

The optimized design includes a

50mm air gap between a single

layer of brick, forming a cavity Figure 47: llluminance of room with for new

wall construction. construction scenario

Under overcast sky conditions, the maximum illuminance in Classroom 6 is 1140.38
lux, and the minimum is 260.26 lux, with an average daylight factor of 9.033% and an
average illuminance of 577.04 lux. This meets the recommended average of 500 lux for
classrooms, ensuring sufficient daylight levels for visual comfort. The addition of a
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window on the southern wall contributes to a more balanced distribution of daylight

within the space.

The use of a cavity wall, combined with double glazing, improves thermal performance
by reducing heat loss and gain through the building envelope. At the same time, it
maintains adequate natural lighting, particularly in areas near the windows. This
optimized approach effectively enhances both energy efficiency and indoor comfort for

occupants.

6.6 Comparison of Scenario
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Figure 48: Comparison of indoor temperature in different scenario

Above figure 48 shows the comparison of indoor operative temperature across various
window- wall-ratio, retrofitting scenario and new construction scenario throughout the
school hours (10:00 AM to 4:00PM) highlights how different scenario affect thermal
comfort within the classroom. Classroom with lower WWRs such as 10%,12% and
16% results to cooler environment need of internal heating. For example, WWR 10%
starts at 13.25°C in the morning and increases to 17.36°C by 3:00 PM, before
decreasing to 15.34°C at 4:00 PM. This shows limited increase of temperature due to
limited solar gain through limited number of windows and window size. As the window

wall ratio increases internal temperature also increases. With 40% window wall ratio,
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the temperature increases from 15.33°C at 10:00 AM to 25.82°C at 4:00 PM, showing
a significant 9°C rise. This indicates that larger window areas contribute to greater solar
heat gain, which can be advantageous in winter for reducing heating demands but

creates overheating during summer.

Among all the scenarios, retrofitted scenario shows best optimized case with WWR
20% shows comfortable range of temperature for winter throughout the day. Beginning
at 19.72°C and peaking at 26.48°C, they suggest that retrofitting, possibly without
adequate thermal improvements can increase heat retention. In contrast, newly
constructed building scenario show more moderate temperature levels, ranging from
14.88°C to 20.6°C, which reflects better control of indoor conditions likely due to

efficient insulation and design.

Looking at daily average temperatures further supports these trends. WWR 10% results
in the lowest average of around 15.34°C, while WWR 40% reaches an average of
approximately 20.11°C. The retrofitted scenario records the highest average at 22.61°C,
whereas new construction maintains a balanced average of about 17.22°C. This
suggests that while larger window areas can help improve thermal performance during

winter, excessive glazing without proper design can compromise indoor comfort.
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Figure 49:Comparison of Illuminance in different scenario

From figure 49 clearly shows with the increase in window wall ratio there’s increase in
illumination range. Daylight levels across different Window-to-Wall Ratios (WWRs),

along with retrofitting and new construction scenarios, highlights a clear relationship
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between window size and indoor illuminance. As WWR increases from 10% to 40%,
both minimum and maximum lux values show a notable rise. The minimum daylight
level improves from 103 lux at 10% WWR to 549 lux at 40%, demonstrating enhanced
daylight penetration with larger window areas. A significant improvement is observed
between 20% and 25% WWR, where minimum lux jumps from 164 to 349, indicating

a threshold beyond which natural light distribution becomes much more effective.

Maximum lux also increases from 820 lux at 10% WWR to a peak of 2023 lux at 40%
WWR but tends to level off around 1475 lux from WWR 25% onward. This suggests
that larger windows beyond this point may not significantly increase peak daylight but
could contribute to glare. The retrofitting scenario mirrors the performance of WWR
40%, offering high daylight levels with a risk of visual discomfort. In contrast, the new
construction scenario presents more moderate lux values, indicating a design strategy

that prioritizes balanced lighting.

Overall, WWRs between 25% and 30% seem to provide the best balance, offering
adequate minimum daylight without the excessive maximum values that can lead to

glare.

Table 22: Comparison table of different scenario in terms of thermal and visual

performance
Material | Thermal Sola | Visual Avg Analysis
Properties | Performan |r Performan | Daylig
ce Gai |ce ht
n Factor
(Ma (DF)
X
KW
)
Base Single 15.30°C 2.11 | Max: 820 | 9.15% | Insufficient
Model glazed (below KW | lux, Min: thermal
6mm clear | comfort) 103 lux comfort and
glass, lighting.
powder- Needs higher
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coated WWR and
metal better
frame, insulation for
40% improved
glazed heating and
area lighting.
WWR 12% | Fully 16.08°C 2.69 | Max: 1264 | 7.51% | Below
glazed (below KW | lux, Min: thermal
6mm clear | comfort) 103.52 lux comfort;
glass, needs better
aluminum glazing and
frame insulation to
reach
thermal
comfort and
lighting
standards.
WWR 16% | Fully 16.40°C 3.52 | Max: 1360 | 9.37% | Visual
glazed (below KW | lux, Min: performance
6mm clear | comfort) 146 lux improves but
glass, still does not
aluminum meet thermal
frame comfort;
further
optimization
needed.
WWR 18% | Fully 16.85°C 3.95 | Max: 1370 | 9.37% | Thermal
glazed (below KW | lux, Min: performance
6mm clear | comfort) 148 lux still  below
glass, comfort;
visual
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aluminum performance

frame IS improved.
Needs
additional
thermal
Improvemen
ts.

WWR 20% | Fully 17.10°C 4.29 | Max: 1414 | 10.08% | Meets visual
glazed (below KW | lux, Min: requirements
6mm clear | comfort) 164 lux but still falls
glass, short in
aluminum thermal
frame comfort;

glare
increase due
to higher
WWR
requires
attention.

Optimized | Double 22.60°C 3.17 | Max: 9.24% | Thermal

Retrofittin | glazed (meets KW | 1205.43 comfort

g 6mm clear | comfort) lux, Min: achieved and
glass 260.45 lux visual
(SHG=0.7 comfort
), achieved.
aluminum
frame,
75mm
rock wool
insulation
in  walls,
50mm
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EPS in

ceiling
Optimized | Double 17.20°C 3.17 | Max: Thermal
New glazed (below KW | 1140.38 performance
Constructi | 6mm clear | comfort) lux, Min: still  below
on glass 260.26 lux comfort.
(SHG=0.7 Additional
), adjustments
aluminum needed to
frame, optimize for
cavity thermal for
wall better
insulation performance.

6.7 LEED Daylighting Credits v4 Option 2

Credits are awarded based on demonstrating, through computer simulation, that indoor

illuminance levels fall within the range of 300 lux to 3,000 lux at 9 a.m. and 3 p.m. on

a clear-sky equinox day. If 90% or more of the regularly occupied floor area meets this

criterion, 2 credits are granted. If at least 75% of the area complies, 1 credit is awarded.

These calculations focus on spaces that are regularly used. The results were obtained

using the Radiance simulation engine within Design Builder, which offers accurate,

physics-based lighting analysis across multiple zones by calculating illumination levels

on working surfaces throughout the building.

Table 23: Parameters for Daylight credits

Sky model 2-Perez all weather, 3-Direct horizontal
irradiance
Time 1 9:00, 21 Mar/Sep
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Time 2

15:00, 21 Mar/Sep

Location NEPAL
Working plane height (m) 0.760
Max Grid Size (m) 0.900
Min Grid Size (m) 0.900
Illuminance lower threshold (lux) 300.000
Illuminance upper threshold (lux) 3000.000

Table 24: Daylight credit summary for WWR10%

Summary Results

Total area (m2) 32.8
Total area meeting requirements (m2) | 32.8
% Area within illuminance threshold | 100.0
limits

LEED v4 Option 2 Credits 2

Table 25: Daylight credit summary for WWR 16%

Summary Results

Total area (m2) 32.8
Total area meeting requirements (m2) | 31.3
% Area within illuminance threshold | 95.3

limits
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LEED v4 Option 2 Credits

Table 26: Daylight credit summary for WWR 20%

Summary Results

Total area (m2) 32.8
Total area meeting requirements (m2) | 30.0
% Area within illuminance threshold | 91.4
limits

LEED v4 Option 2 Credits 2

Table 27: Daylight credit summary for WWR 25%

Summary Results

Total area (m2) 32.8
Total area meeting requirements (m2) | 32.8
% Area within illuminance threshold | 100.0
limits

LEED v4 Option 2 Credits 2

Table 28: Daylight credit summary for WWR 35%

Summary Results

Total area (m2)

32.8

Total area meeting requirements (m2)

32.8
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% Area within illuminance threshold 100.0

limits

LEED v4 Option 2 Credits 2

Table 29:Daylight credit summary for WWR 40%

Summary Results

Total area (m2) 32.8

Total area meeting requirements (m2) | 32.8

% Area within illuminance threshold 100.0

limits

LEED v4 Option 2 Credits 2

Above table 21,22, 23,24, 25,26 and 27 demonstrate daylight performance that was
evaluated using the Radiance simulation engine in Design Builder, following the LEED
v4 Option 2 guidelines. The simulation was based on a clear-sky day at the equinox
(March 21 and September 21) at 9:00 a.m. and 3:00 p.m., using the Perez all-weather
sky model for the location of Nepal. The target illuminance range was set between 300
lux and 3,000 lux, measured at a working plane height of 0.76 meters. According to
LEED criteria, 2 credits are awarded if 90% or more of the regularly occupied floor
area meets the required illuminance range; 1 credit is awarded if at least 75% meets the

requirement.

The results indicate strong daylight performance across all assessed WWRs. For WWR
10%, the entire 32.8 m? area achieved compliance, reaching 100% within the
illuminance limits, and qualifying for 2 daylight credits. WWRs of 16% and 20% also
performed well, with 95.3% and 91.4% of the area meeting the requirements,
respectively—Dboth earning full credits. Similarly, WWRs of 25%, 35%, and 40% all
achieved complete compliance, with 100% of the area falling within the desired

illuminance range, again qualifying for the maximum credit allocation.

94



These findings reveal that even lower WWRs, such as 10% and 16%, can satisfy
daylighting requirements if carefully designed. However, WWRs of 25% and above
consistently deliver uniform daylight across the space without surpassing the upper
limit of acceptable lux levels. Therefore, a WWR range from 16% to 40% appears to
be highly effective for achieving daylight sufficiency and gaining LEED credits in

school or regularly occupied spaces.
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CHAPTER 7: DISCUSSION
1. Recap of Research Objectives and Main Findings

The main goal of this research was to examine how different window design
configurations affect indoor energy performance, visual comfort, and daylighting in

classrooms. The specific objectives included:

e Evaluating the impact of window configurations on thermal
performance and daylighting: This was done by investigating how various
Window-to-Wall Ratios (WWR) influence indoor temperature control and
the availability of natural light.

e Determining the potential for energy savings through optimized
window designs: The study explored strategies that could balance thermal
comfort and daylighting while reducing overall energy use.

e Assessing the effect of WWR on thermal performance: By comparing
different WWRs (10%, 12%, 16%, 20%, 25%, 30%, 35%, and 40%), the
research aimed to understand how varying window sizes affect heat loss,

solar heat gain, and indoor temperatures.

Key findings suggest that an optimized 20% WWR, paired with cavity wall insulation,
significantly improved both thermal comfort and visual performance, especially in
colder climates. This configuration helped maintain comfortable indoor temperatures,
minimized heat loss, and provided ample natural lighting, aligning with goals of energy

efficiency and occupant comfort.
2. Effect of Window Configuration on Thermal Performance

This research found a clear connection between the WWR and thermal comfort. As
window size increases, so does solar heat gain, which helps keep indoor temperatures

comfortable, particularly during colder months.

e Thermal Performance for 10% and below 20% WWR: Smaller windows,
such as those with a 10% WWR, resulted in cooler classrooms. For example, a
classroom with a 10% WWR started with an indoor temperature of 13.25°C at
10:00 AM and only reached 17.36°C by 3:00 PM. This shows that smaller
windows limit solar heat gain, requiring additional heating to maintain comfort.
Internal temperature is beyond comfort temperature 20.9°C (Shahi et al., 2021).

From the questioner survey also results on need thermal heating during winter.
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Mahoney tables recommended 20-40% WWR for Kathmandu valley. As the
WWR increased from 12%, 16%, 18% and 20% with different window size and
location shown in annex, indoor temperatures are improved but still do not
improve in thermal comfort inside classroom. The highest indoor temperature
was observed with 20% WWR with average indoor temperature of 17.21°C
highest temperature is 21.13°C at 4pm. This could be risk during summer season
and shows that larger window size creates excessive heat gain. From the
previous study through the use of insulation, thermal mass and window glazing
and passive design strategies reduced indoor temperature by 2-4°C (Shrestha &
Rijal, 2023); (Moktan & Uprety, 2023).

Thermal Performance for 20% WWR with Retrofitting: The introduction
of cavity walls and double-glazed windows significantly enhanced thermal
performance. The 20% WWR scenario, with these optimizations, saw
temperatures rise from 14.5°C at 10:00 AM to 21.06°C at 4:00 PM, resulting in
an average of 17.2°C during school hours. This represents a balanced
improvement in thermal comfort, aligning with standard comfort levels for
school buildings. With the use of rock wool for insulation and EPS insulation
increased the internal temperature by 4-5°C. From the previous study through
the use of insulation, thermal mass and window glazing and passive design
strategies reduced indoor temperature by 2-4°C (Shrestha & Rijal, 2023);
(Moktan & Uprety, 2023).

Thermal Performance for 40% WWR: As expected, increasing the WWR to
40% led to higher temperatures, reaching 25.82°C by 4:00 PM. While this
indicates higher solar heat gain, it could present issues in warmer months due
to the risk of overheating. Thus, larger windows can be beneficial in winter but

may require shading or ventilation during the summer to maintain comfort.

Overall, the 20% WWR was found to be the most balanced, enhancing thermal comfort

without excessive heating needs while avoiding the risk of overheating. The scenario

with optimized retrofitting with use of insulation material in wall as well as ceiling

shows notable improvement of indoor thermal environment reaching average 22.6°C

and meets the thermal comfort threshold. As insulating materials are costlier

construction so scenario for new construction was also studied with the use of cavity

wall technology. The results show indoor temperature is average 17.2°C which shows
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somehow better result that the scenario without cavity wall. This emphasizes the
importance of insulation in building to improve indoor thermal comfort along with

optimizing window configuration.
3. Daylighting and Visual Comfort

Daylighting is crucial for visual comfort, and this study assessed how different window
configurations performed in providing natural light. Daylight levels, including daylight
factor (DF) and illuminance, were measured to see how well each window

configuration illuminated the classroom.

o Daylighting for 10% WWR: The 10% WWR scenario had relatively low
daylight levels, with maximum illuminance of 820 lux and a minimum of 103
lux, leading to an uneven distribution of light. This would likely result in poor

visual comfort, especially in areas farther from the windows.

o Daylighting for 20% WWR: The 20% WWR scenario provided a better
daylight distribution. The maximum illuminance reached 1140.38 lux, and the
minimum illuminance increased to 260.26 lux. The average daylight factor was
9.033%, ensuring sufficient natural light for visual comfort without significant

glare.

o Daylighting for 40% WWR: Although increasing the WWR to 40% raised
daylight levels, it also increased the risk of glare. For example, the maximum
illuminance reached 2023 lux, which could exceed the comfort range and cause

discomfort or glare.

Thus, a 20% WWR configuration provided the best balance of sufficient natural light
and minimized glare, ensuring visual comfort. Below 16% WWR fails to meet standard
daylight level. Increasing WWR to 16%, 18%, and 20% resulted in illuminance level
that exceeds 500 lux, meeting the visual comfort requirements. 16%, 18%, 20% WWR
window configuration results to 582 lux, 611 lux and 655 lux. As the classroom east
and west oriented there may be problem of glare. In 20% WWR with large windows in
west and east orientation creating 40% glare. This suggest that while increasing the
WWR improves daylighting, glare must be carefully managed. Optimized 20% WWR
retrofitting scenario provides an average illuminance of 590.6 lux offering balanced

thermal and visual performance.

4. Energy Savings from Optimized Window Design
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A significant objective of this research was to examine the energy-saving potential of

optimized window designs. By combining cavity walls and double-glazed windows in

the 20% WWR scenario, substantial improvements in thermal and energy performance

were achieved.

Energy Performance for 20% WWR: The optimized design reduced heat loss
while allowing for increased solar heat gain through the windows. This
configuration helped maintain thermal comfort without heavy reliance on
artificial heating, resulting in lower energy consumption for space heating. The
cavity wall insulation also played a crucial role by enhancing thermal resistance,

reducing heat loss in colder conditions.

Comparison with Other Configurations: The 10% and 12% WWR
configurations showed lower energy efficiency since they required more
artificial heating to maintain comfort. The 40% WWR scenario, while beneficial
for solar gain in winter, would likely require additional cooling in the summer,

which could offset the energy savings during winter months.

Therefore, the 20% WWR, along with insulation, emerged as the most energy-efficient

strategy, providing the best balance of thermal comfort, daylighting, and reduced

energy use.

5. LEED Daylighting Credits and Performance

The study also compared the daylighting performance to LEED v4 Option 2 credits,

which assess daylight sufficiency in buildings.

WWR 10%, 16%, 20%, 25%, 35%, and 40% all met the LEED criteria for
achieving 300 to 3000 lux at 9:00 AM and 3:00 PM on a clear-sky day.

WWR 20%, 25%, 35%, and 40% met the requirements for 2 LEED credits, as
they provided 100% daylight coverage.

WWR 16% and 10% still met the requirements for a significant portion of the
area, achieving 95.3% and 100% coverage, respectively, thus earning full

credits.

This confirms that WWR between 16% and 40% is ideal for achieving sufficient

daylight while maintaining visual comfort. This range is also likely to contribute to

obtaining LEED certification for daylighting.
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6. Design Implications

The findings of this study emphasize the importance of window design in improving
both thermal and visual comfort in classrooms. The 20% WWR configuration, coupled
with cavity wall insulation, was identified as the best solution for ensuring comfortable

indoor temperatures, ample daylighting, and energy efficiency.

These results are particularly relevant for designing energy-efficient school buildings
in cold climates, where the goal is to optimize natural light while minimizing energy
consumption. Architects and planners should consider integrating moderate WWRs and

insulation solutions in their designs to enhance performance and occupant comfort.

This research provides valuable insights into how window configurations can be
optimized to improve both thermal comfort and visual performance while reducing
energy demand. Future research could investigate the long-term performance of these
designs in different climates and building types to evaluate their effectiveness in various

environmental contexts.
7. Limitation

Several significant restrictions must be recognized in this research, which delivers
crucial data about window performance in daylight provision and thermal comfort

assessment.

e The research mainly investigates winter conditions without examining how
other seasons affect the findings, particularly the missing summer month
analysis.

e The research investigation included a limited number of government school
buildings that serve as educational facilities while ignoring all other types of
educational institutions.

e Different WWR configurations tend to affect the management of glares
alongside overheating conditions. Maximal glare was observed during the 20%
WWR glare analysis. The research stopped at the current level of WWR
expansion. The research model excluded shading or solar control systems as
elements for analysis because their influence on thermal comfort and visual
comfort could not be assessed.

e Standard illuminance and temperature values serve as the bases for the entire

scenario analysis. Occupant-dependent comfort needs must determine thermal
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comfort levels because these subjective factors affect both thermal and visual
comfort but remain unconsidered. School administration restrictions prevented
getting.

Due to constraints in obtaining permission from school administration, field
visits were conducted during disruptive periods, limiting the data collection to
a span of just 5 days.

Single typical classroom is studied for simulation of thermal and visual

performance.
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CHAPTER 8: CONCLUSION AND RECOMMENDATION

Thermal and visual performance analysis was made for a naturally ventilated classroom

during the winter season, and the conclusions drawn are as follows:

1. The study found that window size, orientation, and WWR significantly affect

both thermal and visual performance in classrooms. Field measurements and

simulation results showed that:

Lower WWRs (10-12%) resulted in insufficient daylight and minimal
passive solar gains, leading to cold and poorly lit indoor environments.
Higher WWRs (25-40%) increased daylight levels and solar heat gain, but
also caused higher heat losses and glare-related visual discomfort.

A WWR of 20% on the south-facing facade emerged as the most effective
configuration, offering a balanced approach by providing adequate daylight

while enhancing solar gains to support winter thermal comfort.

This optimal configuration met acceptable daylight factor ranges (above 2%) and

improved indoor temperature profiles, contributing positively to both thermal and

visual conditions during school hours.

2. Simulation of a retrofitted classroom model with 20% WWR, cavity wall

insulation, and double-glazed windows demonstrated significant

improvements:

Energy demand for heating was reduced by up to 25-30%, primarily due to
lower heat losses and increased passive solar gain.

Daylighting conditions improved enough to reduce reliance on artificial
lighting during occupied hours, aligning with energy efficiency and
occupant comfort goals.

The combined impact of insulation and optimized window design confirmed
that retrofitting existing school buildings can lead to substantial energy
savings without compromising daylight quality or thermal comfort.

3. The comparative study of multiple WWR scenarios (10%, 12%, 16%, 18%,
20%, 25%, 30%, 35%, and 40%) confirmed that:
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WWR directly influences heat gain and loss through glazing. While
increasing WWR enhances solar gain and daylight, it also raises the risk of
thermal losses if not paired with proper glazing or insulation.

WWR of 16-25%, especially on the south-facing walls, provided optimal
thermal balance under winter conditions.

Larger WWRs (>30%) may require additional thermal mitigation strategies

to prevent excessive heat loss or glare.

In conclusion, WWR has a nonlinear but critical impact on both thermal comfort

and daylight performance, and careful optimization is essential for achieving

energy-efficient and healthy learning environments in cold climate schools.

Based on the research findings, the following recommendations are proposed for

future design, retrofitting, and policy considerations:

1. Design Guidelines for Cold Climate School Buildings

Adopt a 20% WWR on south-facing facades as a reference standard for new
school designs in cold climates.

Ensure that windows are horizontally proportioned and well-positioned to
distribute daylight evenly across classroom depth.

Avoid very low WWRs (<12%) which result in inadequate daylight and

minimal solar gains.

2. Thermal Retrofitting of Existing Classrooms

Upgrade classroom windows with double-glazed units to reduce heat loss
while maintaining transparency.

Improve the thermal envelope through cavity wall insulation or other cost-
effective measures to retain indoor heat.

Encourage passive solar heating through strategically oriented window
placement rather than mechanical heating.

3. Daylighting and Glare Control

Integrate glare mitigation strategies such as overhangs, internal blinds, or
light shelves in classrooms with WWRs above 25%.
Consider diffused or low-reflective glazing to reduce harsh contrasts and

visual discomfort during bright winter days.

4. Policy and Implementation Support
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Integrate WWR-based design standards and energy efficiency measures in
national school building guidelines and policies.

Encourage collaboration between local governments, NGOs, and INGOs for
funding and implementing thermal and daylight-focused retrofitting
projects in public schools.

Promote awareness among school architects and engineers about the impact

of passive window strategies on comfort and energy use.

5. Future Research Directions

Climatic Region Expansion: Future research could explore the performance
of window-to-wall ratio strategies across Nepal's varied climatic zones, such
as the warm and humid Terai, the temperate hill regions, and colder high-
altitude areas. Investigating different environmental contexts would allow
for a more in-depth comparison and lead to climate-responsive design
guidelines that are tailored to specific regional needs and conditions.
Seasonal Performance Assessment: Since this study primarily examines
classroom performance during the winter season, it is recommended that
upcoming research include an assessment of conditions across all seasons,
particularly the hot summer and rainy monsoon periods. Evaluating the
year-round impact of window configurations and passive strategies would
ensure that design recommendations remain effective and adaptable
throughout the entire school year, addressing both heating and cooling
demands.

Consideration of Additional Environmental and Behavioral Factors: For a
more comprehensive analysis of indoor learning environments, future
studies should also examine indoor air quality, patterns of natural
ventilation, and the role of occupant behavior. Factors such as how users
interact with windows, seasonal clothing adjustments, and personal comfort
preferences play a crucial role in actual thermal and visual comfort.
Including these elements would provide a more integrated and user-centric

approach to optimizing classroom environments.
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APPENDEX A: Thermal comfort and visual comfort questionnaire
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APPENDEX B: Image during field study

.

iur 51: Filling questioner Figure 50:Measuring lux in classroom

112



APPENDEX C: Floor plan in grid with illuminance point (classroom 6)
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Table 30: Validation
Points Field Simulated Error
A 278 354 -76
B 170 237 -67
C 115 249 -134
D 302 266 36
E 273 267 6
= 441 414 27
G 264 261 3
H 314 266 48

113




I 700 633 67
J 258 207 51
K 330 238 92
L 879 820 59
M 153 103 50
N 296 300 -4
@) 523 529 -6

APPENDEX D: Floor plan in grid with illuminance point (classroom 7)
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APPENDEX E: llluminance field data of classroom 7

points Field points Field
1 135 29 15
2 267 30 45
3 163 31 57
4 110 32 82
5 117 33 157
6 183 34 272
7 21 35 60
8 23 36 17
9 162 37 34
10 123 38 44
11 132 39 64
12 173 40 122
13 240 41 216
14 20 42 18
15 17 43 20
16 63 44 35
17 75 45 34
18 106 46 47
19 134 47 74
20 192 48 110
21 37 49 14
22 10 50 14
23 37 51 24
24 76 52 27
25 124 53 44
26 144 54 56
27 148 55 65
28 40 56 18
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APPENDEX F: 14% WWR Scenario windows in elevation
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APPENDEX G: 16% WWR Scenario windows in elevation
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APPENDEX H: 20% WWR Scenario windows in elevation
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APPENDEX I: Field data of temperature and illuminance

Date Time Point 1 Point 2 Temp Humidity Mean temp

1/24/2025 10:30 | 621 lux 298 lux 16°C 37%
13:30 | 723 lux 334 lux 19.1°C 30%

16:30 | 520 lux 310 lux 16.2°C 39% 17.1
1/26/2025 10:30 | 473 lux 343 lux 16.7°C 37%
13:30 | 606 lux 245 lux 17.6°C 30%

16:30 | 520 lux 310 lux 16.1°C 38% 16.8
1/27/2025 10:30 | 581 lux 341 lux 16.2°C 40%
1:30 | 581 lux 341 lux 18.6°C 45%

16:30 | 376 lux 441 lux 16.5°C 44.20% 17.1
1/28/2025 10:30 | 757lux 600 lux 15.5°C 60%
1:30 | 481 lux 234 lux 17.2°C 30%

16:30 | 434 lux 257 lux 16.5°C 42.20% 16.4
1/31/2025 10:30 | 576 lux 242 lux 15.3°C 56%
1:30 | 348 lux 320 lux 17.7°C 47%

16:30 | 556 lux 407 lux 18.3°C 43.20% 17.1
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APPENDEX J: Thermal performance simulation result under different scenario

Ti |WW | WW |WW |WW |WW |WW |[WW | WW | WW | Retro | New

m | R R R R R R R R R fittin | construc
e 10% | 12% |16% |18% |20% |25% |30% |35% |40% |g tion

10 | 13.25 | 13.67 | 13.73 | 13.98 | 14.07 | 1455 | 1455 | 1492 | 15.33 | 19.72 14.88
0

11| 13.38 | 13.93 | 14.05 | 14.38 | 1452 | 1519 | 15.19 | 15.77 | 16.38 | 20.2 15.14
0

12 | 13.95 | 14.63 | 1484 | 15.26 | 15.44 | 16.28 | 16.28 | 17.04 | 17.89 | 21.09 15.78
0

13 | 1483 | 1563 | 159 | 16.39 | 16.59 | 17.65 | 17.65 | 18.59 19.6 | 22.03 16.68
0

14 | 1596 | 16.87 | 17.23 | 17.79 | 18.11 | 19.31 | 19.31 | 20.45 | 21.71 | 23.41 17.97
0

15| 17.36 | 18.36 | 18.86 | 19.43 | 19.85 | 21.21 | 21.21 | 22.68 | 24.06 | 25.36 19.46
0

16 | 18.64 | 19.49 | 20.24 | 20.77 | 21.13 | 22.61 | 22.61 | 24.37 | 25.82 | 26.48 20.6
0
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APPENDEX K: Thermal performance of best-case retrofitting scenario

1/28/2 | 1/28/2 | 1/28/2 | 1/28/2 | 1/28/2 | 1/28/2 | 1/28/2
025 025 025 025 025 025 025
10:00 |11:00 |12:00 |13:00 |14:00 |15:00 |16:00

Air 19.65 |20.15 |21.07 |22.03 |23.25 |2514 |26.33
Temperature
(°C)

Radiant 19.78 |20.24 | 2111 |22.03 |2357 |2558 |26.62
Temperature
(°C)

Operative 19.72 | 20.2 21.09 | 2203 |2341 |25.36 |26.48
Temperature

(°C)

Outside Dry- 9.9 12.3 14.63 | 17 17.98 | 184 18.88
Bulb
Temperature

(°C)

Walls (kW) -0.12 -0.14 | -0.18 -021 | -0.26 |-0.32 -0.31

Partitions (inty |-0.07 [-0.09 [-015 [-02 |[-031 [-046 [-0.49
(kw)

Roofs (kW) -0.31 -0.3 -0.27 -0.23 -0.2 -0.18 -0.14
Floors (ext) -1.02 | -1 -1.17 | -1.28 |-168 |-226 |-2.2
(kW)

Solar Gains 1.76 1.7 1.9 1.99 2.47 3.17 3.06
Exterior

Windows (kW)

120



APPENDEX L: Article IOEGC

IOE Graduate Conference
[Placeholder for

Publication

Information]

Analysis of Thermal and Visual Performance in Naturally Ventilated
Secondary School Buildings in Nepal

Srijana Goja Shrestha 2, Sanjaya Uprety °,

ab pepartment of Architecture, Pulchowk Campus, Institute of Engineering, Tribhuvan University, Nepal
@ a079mseeb016.srijana@pcampus.edu.np, b suprety@ioe.edu.np

Abstract

Thermal and visual comfort play an important role in enhancing the health and performance of both students and teachers in
classrooms. Most Nepalese school buildings are naturally ventilated with wooden shutters or open windows, whose performance
depends on external weather conditions. The daylight and thermal comfort are strongly influenced by these factors. Poor indoor
environments can negatively affect the academic performance of students. Therefore, necessary actions must be taken to improve
the thermal and visual performance of schools. Limited research has been conducted on indoor environmental quality related
to thermal comfort in Nepalese school buildings. A field investigation was carried out at Shree Balpremi Secondary School in
Madhyapur Thimi, Bhaktapur, involving temperature and daylight illuminance measurements during January 2025, together with
a student survey. The findings show that the mean indoor temperature (16.4—17.1°C) is below the thermal comfort range for
Kathmandu's winter. More than 56% of the students reported comfort and preferred a slightly warmer classroom. llluminance data
indicated that the south-facing classroom (grade 6) experienced fluctuating levels (723-215 lux), while the north-facing classroom
(grade 7) had steadier but lower levels (811110 lux). Both classrooms had insufficient daylight in the back, with 50% of the students
reporting inadequate lighting at noon and 73% occasionally relying on artificial lighting. The results emphasize optimizing window
size, orientation, and glazing to improve indoor environmental comfort. Future research incorporating simulations across different

Keywords

seasons and climates is recommended to better understand these factors.

Thermal and Visual Performance, Naturally Ventilated School Building, Thermal Sensation, llluminance

1. Introduction

Thermal and Visual comfort are important issues in school
building design, as students spend a significant amount of
time indoors. Students spend about 25-30% of their daily time
in classrooms studying or participating in different academic
activities [1]. Poor indoor conditions can have a negative
effect on the health and performance of both students and
teachers.  An appropriate indoor environment gives
educational buildings a sense of space and attractiveness and
generates an impression of vitality and a general feeling of
satisfaction [2]. Windows, being weaker components of the
envelope compared to walls, are more prone to heat loss or
gain, thus receiving significant attention for energy
optimization strategies [3]. The windows in the school play a
key role in both thermal performance and visual comfort.
Among all the elements of fagade design, the window-to-wall
ratio (WWR) has a deep impact on introducing the amount of
daylight in any room [4]. Increasing the window-to-wall
reduces the total energy consumption for lighting, but after a
certain window-to-wall, no reduction is seen in lighting
energy, but the cooling energy of the building increases due to
heat gain [5].

From previous research, the minimum and average daylight
factor for classrooms have been defined as 2% and 5%,
respectively [6]. Natural light is considered the main source of
light during the day, with an average day light factor of 4-5%,
while in the common teaching areas of a school, a minimum
illuminance of not less than 300 Ix is required [7]. A classroom

is thermally comfortable where more than 80% of the students
perceive it to be thermally acceptable [8]. However, most of
the school building does not meet these standards. In
addition, the absence of government regulation generally does
not consider climate-sensitive design strategies or apply any
energy- efficient technology [9]. Nepalese school buildings
rely on natural ventilation through windows and doors for
airflow, daylighting, and thermal comfort, with wooden
shutters or open windows whose performance depends on the
outside weather [10]. In residential and office buildings,
residents can adjust their thermal comfort through adaptive
behaviors, such as changing clothes, changing position, or
adjusting the windows. However, students in classrooms face
limitations in doing so, as they are restricted from modifying
their clothing, seating arrangements, or window settings [11].
Hence, it is necessary to analyze the thermal and visual
comfort inside the school classrooms.

So, the objective of this study was to analyze visual and
thermal performance in a naturally ventilated classroom in a
school building. The case study of the Shree Balpremi
Secondary School building in Madhyapur Thimi, Bhaktapur,
will present a typical case of the school building. This study
will evaluate key design parameters, including window size,
orientation, glazing type, and daylighting strategies, with the
objective of proposing context-specific recommendations that
balance thermal comfort, visual comfort, and energy
efficiency.

Only a small number of research has been conducted on
indoor environmental quality associated with thermal

Pages: 1-5
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comfort in Nepalese school buildings [10]

2. Literature Review

2.1 Window Configuration

The configuration of the openings can modify the intensity
and distribution of daylight to create appropriate luminous
environments [12]. The window configuration can be dealt
with on the basis of side lighting, window location, and
window wall ratio. In a classroom that does not use
mechanical ventilation, the window is expected to ventilate
the room for significant thermal comfort. Many factors with
respect to windows, such as type, size, and position, that could
affect indoor airflow, indoor air distribution, and air exchange
rate could contribute to obtaining the thermal condition in
the classroom [13].

2.2 Visual Performance

Visual performance and comfort criteria will be divided into
illuminance and glare-based criteria, as they need separate
consideration when measuring visual satisfaction in the
workplace [14]. The Illuminating Engineering Society of North
America (IESNA) defined glare as 'the sensation produced by
luminance within the visual field that is sufficiently greater
than the luminance to which the eyes are adapted to cause
annoyance, discomfort, or loss of visual performance and
visibility.” The study of [15] concludes that the discomfort
glare in classrooms often exceeds acceptable limits (DGP >
0.35) on sunny days. Adding shading devices and optimizing
window designs effectively reduced glare, highlighting the
need for advanced glare metrics such as DGP in design
standards to improve visual comfort in schools.

2.3 Thermal Performance and Thermal comfort

Large hot or cold surfaces such as windows and skylights can
affect the thermal comfort of the occupants. Compared to
other surfaces within a room, windows generally undergo
more significant changes in surface temperature. Heat
radiation from window surfaces can cause considerable
discomfort for occupants, even when the room air
temperature is kept at an acceptable level. A hypothetical
study by [14], an office room with varying WWRs (10-100%)
and evaluated four orientations using EnergyPlus. They
recommend 30% WWR for the north and 20% for the south,
east, and west for minimal energy use, while 50-70% (north)
and 50-60% (others) ensure visual comfort. [16]found that
passive strategies such as glazing, insulation, and thermal
mass reduced indoor temperatures by 2 to 4°C in a Tehran
school, improving comfort with minimal heating energy
during the winter season. The south-facing classrooms
performed best, highlighting the need to balance efficiency
with overheating risks. [2] found that higher glazing ratios
(40-50%) improve thermal comfort, reducing energy use by
15-18% and heating demand by 8.5%. The study highlights the
importance of window design in optimizing thermal
performance.

2.4 Role of Windows
Performance

in thermal and Visual

The study of [17], found that modifying building orientation,
size, thermal mass, or window design in Nepal's hot, humid
region could significantly reduce indoor temperatures and
improve thermal comfort. This study shows that in the hot
and humid climate of Nepal, changing window orientation,
orienting buildings along the NS axis (longer side), providing
glazed windows on the north side, or using simple overhang
shades can reduce cooling load demand by more than 10-15%
[17]. Thermal performance analysis on residential buildings
in Butwal by [18], observed that as the window-to-wall ratio
(WWR) increases, the annual thermal energy consumption also
increases. Specifically, with a WWR of 0.9, energy consumption
increased by 5.24% for south-facing orientations and 7.16% for
northeast-facing orientations.

The International Building Code and British Standard BS 8206
have also recommended minimum window areas, with the
former requiring a minimum net glazed area of not less than
8% of the floor area of the room and the latter recommending a
minimum window area of 20% of the external window wall for a
room measuring less than 8 m in depth and 35% of the external
wall for rooms deeper than 14 m [12]. The study of WWR
by [18] in residential buildings in Butwal influences annual
thermal energy consumption, with a WWR of 0.9 leading to
increases of 5.24% for south-facing and 7.16% for northeast-
facing orientations.The building is rectangular in plan with a
floor area of 118.30 sqm.

3. Methodology

3.1 Study Area and Building

The case study chosen for this research is the school building
named Shree Balpremi Secondary School located at
Madhyapur Thimi-4, Bhaktapur. Block 4-C-8 is a 4-story
building with two classrooms on each floor.

Figure 1: Case study building East facade showing the
classroom used for study

The building is elongated towards the south-north direction,
oriented towards the east. The classroom is designed for 25
students.
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Figure 2: Classroom 7 interior

Table 1: Instruments Used

Specification Details

1. Digital Hygrometer =~ HTC-2

Temperature and 50 \textasciitilde{} +70 degree
measurement range (-58 \textasciitilde{} +158°F)
Accuracy +1°C (1.8°F)

2. Digital lux meter HTCLX-101

Ranges 0-50,000 lux

Sampling Time 0.4 sec

Operating Temperature  0° to 500 C(32°-122°F)
Operating Humidity Less than 80% R.H

4270 X 5970

i
I i I
1
1
|
&~ - _Point 1
CLASSAOOM 6

| |

The building is a frame structure construction with 230mm
thick brick masonry walls, maintaining uniform thickness for
both exterior and partition walls. Rebuilt after the 2072
earthquake, the structure complies with government-issued
school design guidelines and is classified as a disaster-resilient
school building.

The classrooms were naturally ventilated with a sill height of
3'-0" and typical windows (6’-0” X 4’-0") and doors (3’-6” X
7'-0"). It features powder-coated metal doors and windows,
with openings with 50% glazed shutters. Artificial lighting is
installed in classrooms to improve illuminance during class
hours, while ceiling fans are provided to cool down in the
summer to help maintain thermal comfort.

3.2 Methodology applied

The field study was conducted for five days in January 2025,
measuring indoor air temperature and daylight illuminance in
a classroom. Table 1 presents the specifications of the
instruments used.

3.3 Thermal and Visual Comfort Survey

A structured questionnaire survey was conducted among
students in the classroom to gather information on their
thermal sensation, preferences, and acceptability. The survey
also aimed to understand their visual sensations, preferences,
and the impact of these factors on their learning experience.

1

|
& - pontt

CLASSROOM 6 i
4270 X 5970

Scale Thermal Thermal
Assigned  Sensation Preference

1 Cold A Bit Warmer
2 Slightly Cold ~ No Change

3 Neutral A Bit Cooler
4 Slightly Warm

5 Warm

6 Hot

7 Very Hot

THIRD FLOOR PLAN
118.30 Sq.m

Figure 3: Selected Classroom Floor Plan

Table 2: Scales used for questionnaire survey

Visual
Preference
Very
Insufficient
Insufficient
Adequate
Excessive
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Figure 4: Measured indoor air temperature in classroom
during field study

Figure 5: Distribution of Thermal Preference

4. Result and Discussion

4.1 Indoor Temperature

In naturally ventilated classrooms, the indoor environment is
strongly influenced by outdoor conditions. During the survey,
classroom windows were kept closed, with partially glazed
openings. The mean indoor temperature recorded in the
classroom was 16.9°C, which falls below the thermal comfort
range from the study of [19]Jmean comfort temperature
estimated using Griffiths method is 20.9° C for Kathmandu
during the winter season.

4.2 Thermal Sensation and Preference

The survey was conducted on January 31 between 1:30 and
2:00 PM. The thermal perception of the students was collected
using the modified 7-point ASHRAE scale [8]. At that time,
56.7% of the students reported feeling comfortable, while

33.3% found the classroom slightly cold, as shown in Figure 6.

23% of the students responded comfortable during the winter
season shown in Figure 6. According to the ASHRAE standard,
the classroom needs 80% of the acceptability level to satisfy
[8]. The classroom in this study cannot meet these criteria.

4.3 Visual performance and preference

Illuminance data from classrooms 6 and 7 were collected for 5
days: 24 January, 26 January, 27 January, 28 January, and 31

Figure 6: Distribution of Thermal preference during Winter
season

January. Data from two classrooms were compared for further
analysis as shown in Figure 7. The reading was taken at desk
height, 2’-6", turning off the artificial light. The 7th-grade
classroom (north side) receives better daylight, maintaining
more stable and higher illuminance levels throughout the day,
likely due to the diffused and balanced light from the east and
west openings. In contrast, the sixth-grade classroom (south
side) experiences more significant variations, with strong
morning light from the east but a significant drop in the
afternoon, as the west-facing openings may be less effective
due to shading or obstructions.

Comaprision of illuminance in classroom
900
800
700
600

4
28-Jan 28-Jan 28-Jan 31-Jan 31-Jan 31-Jan

o o
o

3
pi
1

o
o

llluminance(lux)

o o
o o

10:30 1:30 4:30 10:30 1:30 4:30
AM  PM  PM AM PM PM

Time

M Point 1 (6th grade) M Point 2 (6th grade)
m Point 1 (7thgrade) ®m Point 2 (7th garde )

Figure 7: Comparison of Illuminance in classroom

Furthermore, point 2 in both classrooms shows lower
illuminance, indicating limited daylight penetration deeper
into the room. 50% of the students voted for insufficient
daylight in the classroom, with most perceiving the highest
levels of daylight around noon. Furthermore, 73% of the
students occasionally felt the need for artificial lighting, while
46.7% rarely experienced glare issues. However, no measures
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such as curtains were implemented to reduce glare.
Interestingly, most of the students were uncertain about the
impact of window size on thermal and visual comfort in the
classroom. Furthermore, 96.7% of the students preferred to
keep the window size unchanged.

5. Conclusion and Recommendation

This paper presents the exploration of the impact of window
configuration on thermal and visual performance conducted
in a naturally ventilated school building in Nepal. The field
measurement during January in the classroom shows that the
indoor temperature was 16.1-19.1°C and the mean indoor
temperature ranges from 16.4-17.1°C, which exceeds the
thermal comfort range during the winter season in
Kathmandu. From the questionnaire survey, most of the
students (>80%) were dissatisfied with the classroom thermal
environment and preferred the classroom to be a little warmer
in the present condition. Similarly, illuminance is measured in
a classroom of grades 6 and 7. The result shows that the
illuminance on the south side of the classroom (grade 6)
ranges from 723 to 215 lux, and the illuminance on the north
side of the classroom (grade 7) ranges from 811 to 110 lux. In
classrooms, the daylight illuminance in the last row does not
meet the standard requirements. From the field survey it was
found that on most days, morning and afternoon have the
highest daylight illuminance. About 50% of the students
reported insufficient daylighting during noon. Thus, the study
concludes that the present window configuration significantly
impacts thermal and visual performance.

This research is based on field investigation and survey data;
the paper did not consider thermal and visual simulation of the
surveyed classrooms, which are required to perform thermal
and visual comfort analysis. More studies should be conducted
in different seasons and climates to better understand thermal
and visual performance due to window configuration.
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