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The study has two objectives. First, it experimentally measures the indoor and
outdoor temperatures of a building in Peshawar and conducts validation with
CFD modeling. Second, it simulates the building with the addition of locally
available, natural, and recycled insulator materials on the rooftop to keep the
indoor environment within a comfortable temperature range, especially in the
winter and summer seasons. To achieve these objectives, experimental
temperature data for January and June were recorded and validated,
followed by a simulation, using ANSYS-Fluent 16 CFD, of the residential
building with the application of waste thermal insulators such as straw bale,
sheep wool, and recycled glass materials on the rooftop to reduce the indoor
temperature. Experimental temperature measurement showed that the lowest
recorded indoor temperature was 15°C on 2 January 2022 and that the highest
recorded indoor temperature was 41°C on 11 June. The predicted and validated
temperature results were similar, with a slight difference of less than 15%.
Recycled glass positively and significantly reduced the indoor temperature in
summer by 10.2% and thermal amplitude by 48.3%, with a time lag increase of
100% and anincrease in the period of comfort hours of 380%. In winter, the daily
average temperature increased by 7.4%, thermal amplitude was reduced by
59.3%, and the time lag increased by 100% in comparison with the baseline case
results. The study concludes that recycled glass distribution gives the best
improvement compared to straw bale and sheep wool.
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GRAPHICAL ABSTRACT

1 Introduction

Over the past few decades, unplanned development in
Peshawar city and Pakistan’s Khyber Pakhtunkhwa (KP)
province has been a key cause of discomfort in its residential
buildings. The country’s highly ranked climate effects are being
explored in order to overcome issues of thermal discomfort in its
buildings and to achieve optimal utilization of energy. Sustainable
development and the utilization of fewer thermally conductive
materials significantly reduce energy consumption and increase
thermal comfort in buildings (Mirrahimi et al., 2016; Shafigh et al.,,
2018). Global warming is affecting the earth’s temperature
(Ahmad et al, 2019) and, as a result, thermal discomfort in
residential buildings has increased. The thermal comfort
properties and heat conductivity of construction materials are
important to study before their use in buildings. The demand for
higher thermal comfort in buildings has increased (Yang et al,
2014). Globally, buildings consume about 40% of energy and
produce an estimated 35% of carbon dioxide (CO,) emissions
(Yangetal., 2014; Ahmad et al., 2021a). The heating and cooling of
buildings consume a substantial amount of energy (Shafigh et al.,
2018). Residential energy consumption significantly increased
during the COVID-19 lockdown period, when people across
the world were spending more time at home (Krarti and
Aldubyan, 2021). Energy consumption in buildings located in
harsh climatic zones poses a significant challenge, especially in
countries going through energy crises.

Pakistan is among the countries with four seasons, and
normally the weather is arid and hot in summer and cold in
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winter. Summer season in Pakistan starts in April and ends in
August; however, June is extremely hot, and August is monsoon
season. Winter season in Pakistan starts in November and ends
in March; however, December and January have considerably dry
and cold weather (Yang et al., 2014; Ahmad et al., 2021a). Indoor
temperatures were recorded for buildings in the city of Peshawar,
the densely populated city in KP province. KP is a
topographically diverse province situated in the northwest
region of Pakistan. Its weather cycle is extremely hot in
summer, up to 50°C, and its winters are dry and cold at 3°C,
with moderate rainfall annually (Shah et al., 2012; Wahid et al.,
2018). The Global Climate Risk Index 2020 (Eckstein et al., 2019)
ranked Pakistan as the fifth most vulnerable country. Pakistan’s
contribution to greenhouse gas emission and global warming is
negligible, yet it is among the top-listed climate change-affected
countries because of its large-scale deforestation, rapid and
unmanaged urbanization, and inactive and neglected
environmental ministry (Mahar et al., 2019).

Climate change is directly linked with global warming,
heatwaves, and temperature increases (Bartholy and Pongracz,
2018; Eckstein et al., 2019; Semahi et al., 2019). In the past,
thermal comfort has been achieved using less-conductive
materials such as wood, grass, and leaves, which are no longer
used in modern building systems. Rijal et al. (2007) evaluated the
relationship between window adjustment and indoor thermal
comfort. In modern buildings, most of a building’s materials are
good heat conductors, which increases the thermal conductivity
of the building; as a result, occupants suffer from discomfort in
the winter and summer. Modern buildings are equipped with
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FIGURE 1
Schematic illustration of conduction process on a flat rooftop (source: author’s sketch).

mechanical systems for controlling indoor temperature. No study
has discussed thermal comfort in the buildings of Pakistan.
The study had two objectives: measurement of indoor
temperature and simulation of a building upon the installation
of locally available, natural, and recycled insulator materials on
its rooftop. The theoretical significance of the study is its
with
conductivities to improve thermal comfort in buildings, and it

utilization ~of waste materials lower  thermal
also has a practical contribution given that Pakistan is
experiencing huge energy crises at the same time as it is
facing climate impacts. Building thermal comfort, as achieved
by the utilization of waste materials, will significantly reduce the

overall contribution of greenhouse gas emissions from buildings.

2 Literature review
2.1 Building roofing system

Green building development attempts to create

environmentally sustainable buildings which significantly
improve indoor thermal comfort, but its initial high cost has
caused it to be greatly discouraged in Pakistan, especially among
people budgeting for low-cost buildings (Yang et al., 2014). Thus,
more practical steps—such as installing recycled and economical
materials with low thermal conductivity on the rooftops and

walls of a structure—may improve indoor thermal comfort. The
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rooftops and walls of a building are exposed to direct sunlight,
and major solar heat transfer occurs through its roofing and
walls. Figure 1 shows the conduction process of heat transfer
through the roof into the indoor building.

Horizontal and plain building rooftops absorb higher solar
radiation intensity because of their direct exposure to sunlight
and maximum solar irradiation as compared to the vertical walls
of the building (Zingre et al,, 2015; Ahmad et al., 2021b). Major
thermal conduction in indoor buildings occurs through the
rooftop, and its improvement would significantly reduce their
energy consumption (Ahmad et al., 2021b). Therefore, thermal
insulation on the rooftop is one of the most effective strategies for
achieving energy conservation and thermal comfort during cold
winters and warm summers in a composite climate. Thermal
insulation reduces unwanted heat loss and gain and hence
decreases the energy demands of heating and cooling systems
(Ascione et al., 2013; Berardi and Naldi, 2017). Straw bales, used
as a building material, significantly reduce the solar heat effect.
Ahmad et al. (2021a) have highlighted the notable effects of straw
bale utilization in buildings and have obtained encouraging
results.

2.2 Thermal comfort

ASHRAE (ASHRAE, 2013; Lic¢ina et al., 2018) has defined
thermal comfort as the “condition of mind that expresses
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satisfaction with the surrounding environment temperature.”
Humankind spends most of its time indoors in housing,
commercial, and office buildings; therefore, construction
materials play an important role in building structure design.
Fundamentally, the heat balance model and the adaptive model
are used to determine thermal comfort. The heat balance model
assumes that thermal comfort is when the human body expends
less effort for thermal comfort, which could be achieved through
mechanical processing such as air conditions or heaters in the
building. The adaptive model describes human nature as
interacting with the environment and adapting to its
condition without the installation of mechanical equipment
(Binici et al., 2010; ASHRAE, 2013; Toe and Kubota, 2013;
Haba et al, 2017; Cozzarini et al, 2020). In naturally
ventilated buildings, the adaptive model perfectly provides
flexibility where indoor temperature and outdoor temperature
are assumed to be similar. Eq. 1 expresses the optimum comfort
temperature in a ventilated building under the adaptive model
(Yao et al,, 2009; Heirung et al., 2017):

Teom =0.31T, +17.8, (1)

where T is the comfortable temperature and T,y is the mean
outdoor temperature. Eqs 2, 3 express upper and lower
temperatures, respectively:

Teomupper = 0.31 Typor + 17.8 + x,
Tcam,lower =0.31 Tmot +17.8 - x,

2
3)

where x is identified as 3°C at the 80% thermal acceptability band
and 2.5°C at the 90% acceptability band, for all naturally
ventilated buildings. To calculate the upper and lower
temperate limits, monthly temperature data were collected
from the

Peshawar meteorological department for the

whole year.

2.3 Thermal insulation materials

Thermal insulation materials are constantly subjected to
climatic stress conditions; therefore, materials should meet the
standard requirement before they are considered for use in a
building. The thermal and mechanical properties of the materials
must meet international standards such as ASTM, EN, ISO, and
BS standards. Available thermal insulator materials are classified
as organic or non-organic and as commercial or non-commercial
materials (Abu-Jdayil et al., 2019):

Fibrous insulations (e.g., ceramic fiber, glass mineral wool,
and rock mineral wool).

Cellular insulations (e.g., polyurethane, polystyrene, and
polypropylene).

Granular insulations (e.g., calcium silicate, perlite expanded,
and vermiculate).

Frontiers in Built Environment
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Materials with thermal conductivity A > 0.08 W/mK are
considered poor insulators, and materials with thermal
conductivity A < 0.05 W/mK are considered good insulators
(Kumar and Suman, 2013). Polyisocyanurate is the most
widely used roof insulation material in North America,
covering more than 50% of all commercial new or re-roofing
applications. The thermal resistance of polyisocyanurate is higher
than that of fiberglass or rock wool insulation (Lucero-Alvarez
et al, 2016). The most common roofing system used in
residential buildings in Pakistan is comprised of a concrete
slab over a thermal sheet and a layer of mud or clay tiles.
Polyurethane/polyisocyanurate foam, extruded and expanded
polystyrene, mineral fiber, and fiberglass insulation materials
are commonly used in Saudi Arabia (Abu-Jdayil et al., 2019).

Selecting an appropriate thermal insulation material depends
mainly on the thermal properties of the materials and on the
climate conditions of the installation area. As mentioned
previously, the KP state of Pakistan has extremely cold and
hot weather. This study considers two additional important
parameters for the selection of thermal insulator materials:
they should be made of natural or recycled material and must
be available locally in Pakistan to reduce the cost. The study has
chosen the five most commonly available natural and recycled
thermal insulators.

Sheep wool is a natural, renewable, and sustainable material.
It has generally been used in the textile industry, but advanced
construction engineering has taken it to the next level by using it
in construction to maintain thermal comfort in residential
buildings (Abu-Jdayil et al, 2019). Sheep wool’s thermal
conductivity is between 0.038 and 0.054 W/mK, and its
specific heat is between 1.3 and 1.7 kJ/kgK, so it is considered
a good thermal insulator material. The performance of sheep
wool material has been found to be useful in the winter but poor
in the summer (Zach et al., 2012). However, sheep wool can be
effectively used in construction to maintain thermal comfort in
buildings. Straw bale can be used to protect dwellings against
weather factors and thermal effects and is recommended for use
in walls and on building roofs (Ahmad et al., 2021a). On various
occasions, natural and recycled thermal insulation material has
been used worldwide to address the problem of thermal heat
effects in dwellings. The most recommended materials are
natural fibers such as straw bale, date palm, sheep wool, and
rice husk, which have the lowest thermal conductivity, and
recycled materials such as waste glass and polymer materials
that effectively reduce the room temperature if used on the
rooftop (Abu-Jdayil et al., 2019).

Thermal insulation materials do not stop heat transfer but
only reduce the rate of heat transfer. Thicker layers of thermal
insulation material allow a minimum rate of heat transfer but
increase the cost of the thermal insulator (Kim and Moon, 2009).
The optimal thickness of the insulation for allowing minimum
heat transfer during the conduction process is 3-15mm, as
determined by various researchers, and varies depending on

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.1014473

Ahmad et al.

TABLE 1 Commercial and non-commercial insulation materials.

10.3389/fbuil.2022.1014473

Natural material Density Thermal Specific Non- Commercial

(kg/m*) conductivity heat commercial

(W/m.K) (kJ/kg.K)

Sheep wool (Zach et al., 2012) 12.5 0.046 1.5 — Recycled
Straw bale (Abu-Jdayil et al,, 2019; Ahmad et al., 2021a) 100 0.052 0.6 Natural —
Recycled glass (Cozzarini et al., 2020) 450 0.031 0.83 Recycled —
Reeds (Schiavoni et al., 2016) 130-190 0.045-0.056 1.2 Natural —
Date palm (He, 2021) 187-389 0.072-0.085 NA Natural —
Textile Fiber (Schiavoni et al., 2016) 200-500 0.041-0.053 NA Recycled —
Rice husk (Yarbrough et al., 2005) 154-168 0.0464-0.566 NA Natural —
Phenolic foam (Schiavoni et al., 2016; Ahmad et al., 40-160 0.018-0.024 1.3-14 — Conventional
2021c)
Cellulose (Schiavoni et al., 2016) 30-80 0.037-0.042 1.3-1.6 — Conventional
Wood fiber (Schiavoni et al., 2016) 50-270 0.038-0.050 1.9-2.1 — Conventional
Expanded polystyrene (Fangueiro, 2011; He, 2021) 15-35 0.031-0.038 1.25 — Conventional
Cork (Schiavoni et al., 2016) 110-170 0.037-0.050 1.5-1.7 — Conventional
Flax (Schiavoni et al., 2016) 20-100 0.038-0.075 14-1.6 — Recycled
Hemp (Schiavoni et al., 2016) 20-90 0.038-0.060 1.6-1.7 — Recycled

FIGURE 2
Sketch of residential building in Peshawar City.

material types and their properties. Several studies have
examined the effects of using natural and recycled thermal
insulation materials, but many of these did not provide
sufficient information other than a finding of thermal
that these
materials are suitable for use in buildings to achieve thermal

conductivity and recommendations showing
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comfort. This study compares the use of three different natural
and recycled materials using CFD simulation with real

temperature data collected from Peshawar, Pakistan;
predicted temperature is also compared. Table 1 lists
commercial and non-commercial thermal insulation

materials and their properties.
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TABLE 2 Location and points of field measurement.

10.3389/fbuil.2022.1014473

Location No. of point Measurement purpose
Evaluation Boundary condition Validation
Inside rooms 5 (P; to Ps) Yes — Yes
Outside roof surface 5 (Pg to Pyg) — Yes —
Qutside vertical walls 4 (P, to Pyy) — Yes —
Windows 9 (Py5 to Py3) — Yes —
Doors 3 (Pyy to Pyg) — Yes —

TABLE 3 Properties of thermal insulation materials, concrete, and air.

Natural material Density (kg/m?)

Sheep wool (Zach et al., 2012) 12.5
Straw bale (Abu-Jdayil et al., 2019; Ahmad et al., 2021a) 100
Recycled glass (Cozzarini et al., 2020) 450

3 Methodology
3.1 Site location

The study location selected was Peshawar city because of its
weather conditions in summer and winter. Most of the year, the
weather is dry and out of the comfort zone for occupants of
contemporary-design houses, drastically increasing electricity
consumption in the area.

3.2 Structure selection

The structural sketch of a residential building design
commonly used in Peshawar is shown in Figure 2. Its total
covered area is about 200 m®, with a floor height of about 3 m.
The house has five rooms excluding the kitchen area. The
building is comprised of reinforced concrete, cement blocks,
and cement-mortar plaster and has a modern architectural style.

3.3 Field temperature measurements

The indoor and outdoor temperatures of the building were
measured during winter (January 2021) and summer (June
2021). Indoor and outdoor air temperatures were measured
using a Hot Wire Anemometer Data Logger (HHF-
SD1 Model + 0.4% + 0.5°C). Surface temperatures of the
building were measured using a HOBO series data logger

Frontiers in Built Environment

Thermal conductivity Specific heat Type of  Available in
(W/m.K) (kJ/kg.K) material Pakistan
0.046 1.5 Natural v
0.052 0.6 Natural v
0.031 0.83 Recycled 4

(UX120 + 0.21°C). The building’s indoor and outdoor
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structures were marked into 26 points for each room and
subdivided At
temperatures were recorded for the whole months of January

were into called points. each point,
and of June.

Table 1 shows the point division for each room. Inside and
outside air temperatures in each room were measured about
1.5 m above the floor. The data measured at these points were
used to evaluate the effectiveness of the current roofing system as
well as to validate the 3D CFD model of the building. The other
points (P6 to P26) were located on the outside surface of the
building on its roof, vertical walls, windows, and doors. The
measurements at these points were taken at the central area of
each surface. The measurement data at these points were used to
specify the boundary conditions of the developed 3D CFD model
of the building. The measured locations and the usage of
measured data are summarized in Table 2.

3.4 Thermal insulator

Roofs are highly susceptible to solar radiation and other
environmental changes and thereby influence the internal
temperature conditions of the occupants (Zach et al, 2012;
Kumar et al,, 2016; Mahar et al., 2019; Semahi et al., 2019).
Selecting an appropriate thermal insulation material depends
mainly on the thermal properties of the materials, including their
thermal conductivities. This study considered two further
important parameters for the selection of thermal insulator

frontiersin.org
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materials: they should be natural or recycled materials and
must be available locally in Peshawar at the lowest cost
possible. This study focused on the straw bale, recycled
waste glass, and sheep wool thermal insulators commonly
available in waste materials in Pakistan, as they can be
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reused based on their properties, which are shown in
Table 3.

The suitable locations and positioning of the insulation
materials on the roof were configured based on the dynamic
thermal behavior of the roof, at four locations on the rooftop (the
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inner, outer, and middle roof surface and the distribution across
the roof structure). An ANSYS-Fluent 16 CFD model was
developed, with simulation factored on daily average
temperature, thermal amplitude, time lag, and period of
comfort. The daily average temperature was measured, and its
thermal amplitude—defined as the difference between the T yax
maximum and T ,;, minimum temperature, where time lag (¢) is
expressed in hours and defined as the time delay between the
occurrence of the maximum temperatures inside the room and
outside the roof surface during the periodic flow of heat—is

shown in Figure 3.

4 Results and discussion
4.1 Temperature evaluation

The daily average temperatures for January and June
2021 were recorded in the building at 26 selected points as
discussed in Methodology.

Daily average temperatures for June and January are shown
in Supplementary Tables S4, S5 and graphically represented in
Figure 4 and Figure 5, respectively. Figure 4 shows that the
average daily minimum indoor temperature on the 2nd day of
January was 7.3°C in room 1, followed by 7.5°C in room 3 and
room 5.

Figure 5 shows an average daily maximum indoor
temperature for 11th June 2021, with room 5 having the

Frontiers in Built Environment

highest temperature of 33°C, followed by 32.8°C in room
4 and 32.7°C in room 3, whereas room 1 and room 2 had the
lowest, at 32.5°C. The occurrence of lowest and highest
temperatures throughout the year depends on the housing
location’s area, direction of room facing, solar irradiation
occurrence, and building materials, as well as the indoor
occupancy of the room or house.

Figure 6 indicates that the recorded outdoor daily average
temperatures were 15°C in January and 41°C in June, which are
further validated by the average annual temperature in Peshawar
(Peshawar Meteorological Department Data, 2021) as shown in
Figure 7.

The recommended ASHRAE Standard 55 for thermal
comfort indoors is 23-26°C in summer and 18.2-25.2°C in
winter (Olesen and Brager, 2004). However, the study found
that the indoor thermal comfortability of the house was not
suitable and that indoor temperature occurrence was not in line
with ASHARE recommendations. The data for both seasons
show that indoor temperature occurrence is not in the
comfort range, so the application of thermal insulation is
essential for improving thermal comfort in the building.

4.2 Temperature validation
The experimentally recorded hourly temperature data for

January and June 2021, as shown in Supplementary Tables S3, 54,
has been validated with predicted data using CFD modeling

frontiersin.org
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Measured temperature versus predicted temperature in January 2021.
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FIGURE 9
Measured temperature versus predicted temperature in June 2021.
simulation. The outdoor temperature recorded was cross- dimensions are 1.2 m in width and 2.0 m in height, while the
validated with the Peshawar Meteorological Department’s dimensions of the windows are 1.2m in width and 1.4m in
annual temperature data for 2021, as shown in Figure 7. The height. Ansys’s (Mesh-R16) unstructured cut-cell grids model
average recorded maximum temperature in June was 41°C and was adopted to predict the temperature in the building. Predicted
the lowest was 15°C in January, which is in line with our and experimental temperature data graphs are shown in Figure 8
measured outdoor field-temperature data. and Figure 9 and show that the field data and CFD prediction
A CFD (Ansys Mesh-R16 software) method was used to model data are very close. Hence, the model was validated.
develop a 3D model to predict temperatures inside the building.
A simplified 3D geometry of the building, as shown in Figure 2,
was constructed using AutoCAD at the actual dimensions used at 4.3 Parametric study
the Pakistan site. The building has an overall size of length =
27 m, width = 15 m, and height = 3.5 m. The building has 3 doors A parametric study was performed to identify the most
and 13 windows on the outside vertical wall. The door suitable type of insulator material and thermal insulation layer
Frontiers in Built Environment 10 frontiersin.org
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TABLE 4 Distribution of insulation materials on the rooftop.

10.3389/fbuil.2022.1014473

Season Factor Baseline Straw bale Recycled glass Sheep wool
Summer Average temperature ("C) 32.6 309 29.3 30.9
Thermal amplitude 6.8 44 3.5 41
Time lag (h) 5.5 9.0 10.0 7.0
Period of comfort (h) 6.0 11.0 14.0 9.0
Winter Average temperature ("C) 7.1 6.9 7.8 7.3
Thermal amplitude 3.8 1.7 1.5 1.9
Time lag (h) 4.0 7 8 8
Period of comfort (h) Nil Nil Nil Nil
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FIGURE 10

Temperature variation over 24 h with recycled glass insulation material distributed on the roof in summer

location for application on the building’s roof for offering the
greatest improvement in indoor thermal comfort during summer
and winter. Straw bale, sheep wool, and recycled glass were used
as insulation materials since they have lower conductivity and are
locally available. The roof was configured using CFD simulation,
and three cases were run for selected insulator materials
distributed on the rooftop to examine their effects on indoor
temperature. Factors affecting thermal comfort were compared,
including the daily average temperature, thermal amplitude, time
lag, and period of comfort.

Frontiers in Built Environment
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4.3.1 Boundary conditions and material
properties

Boundary conditions were defined based on actual field
temperature data, as listed in Supplementary Table S3 for June
and Supplementary Table S4 for January 2021. The highest
temperature on 11th June and lowest temperature on 2nd January
were selected, and the properties of the air, concrete, glass, and wood
were obtained from the ASHRAE Standard 55 literature (Mirrahimi
et al,, 2016; Agoudjil et al,, 2011; American Society of Heating, 2017;
Kumar et al,, 2016; Singh et al., 2016).
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Comparison of temperature variation between recycled glass distribution and baseline case for roof and room 1 in winter.

Table 4 indicates that the installation of thermal insulation
materials on the roof had a significant positive effect in summer
compared to the winter distribution on the rooftop. The results
show that the application of insulation materials decreased the
average room temperature in summer, with a reduction of up to
10.2% relative to the baseline case with thermal insulation
materials. Recycled glass was the best-performing thermal
insulation material. The thermal amplitude of thermal
insulation materials shows a positive impact, and the lowest
thermal amplitude was obtained when recycled glass thermal
insulation material was distributed on the roof. The reduction in
thermal amplitude with recycled glass insulation materials
distributed on the roof reached 48.3%
baseline case.

relative to the

Time lag showed significant improvement, ranging from
7 h to 10 h, which is a 40-100% increment. The performance
of the different insulation materials while distributed on the
rooftop was almost identical and showed a positive impact. Of
the studied cases, the best improvement rate for time lag—of
up to 10 h, equivalent to a 100% increment relative to the
baseline case—was obtained when recycled glass was
distributed on the roof. The
materials on the rooftop had a positive effect, reducing the

distribution of insulation

indoor temperature in summer and increasing the period of
thermal comfort. Recycled glass showed the best performance
and significantly improved indoor thermal comfort in
summer, compared to straw bale and sheep wool materials.
Recycled glass insulation material distributed on the rooftop
has a higher potential to reduce both average temperature and
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thermal amplitude and to increase the lag time and period of
comfort inside the room in summer, as compared to the other
insulation materials.

Likewise, findings for daily average temperature, thermal
amplitude, time lag, period of comfort, and their respective
percentage changes for the winter season are listed in Table 4.
Given the objective of attaining a comfortable environment for
building occupants in summer and winter, the temperature must
be increased in summer and decreased in winter to reach the
comfort range.

The simulation result showed that distributing recycled glass
on the roof significantly increased the temperature by 7.4%.
Installing thermal insulation materials on the roof had a
significantly positive effect on the all-thermal insulation
materials. The comparison of the insulation materials findings
shown in Table 4 indicates that recycled glass was the best
thermal insulation material to be installed on the roof.
Temperature, thermal amplitude, and time lag significantly
improved with recycled glass as compared to straw bale and
sheep wool. There was no achievement of thermal comfort in
winter with recycled glass; however, the effect of thermal
insulation materials was evident, as it helped to shift the time
of occurrence of peak heat load and helped to reduce temperature
fluctuations.

The impact of distributing recycled glass on roof temperature
variation for 24 hours in summer and winter cases is plotted
relative to the baseline in Figures 10, 11 and indicates that using
thermal insulator materials can achieve thermal comfortability in

a room.
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5 Discussion

The study has two objectives, first to experimentally
measure indoor and outdoor temperatures in the Peshawar
building and to validate it using ANSYS-Fluent 16 CFD
modeling and, second, to simulate the building with locally
available, natural, and recycled insulator materials used on the
rooftop to keep the indoor environment within a comfortable
temperature range, especially in the winter and summer
seasons. The heating and cooling of buildings consume a
substantial amount of energy (Shafigh et al, 2018; Mahar
et al., 2019). Rooftops and walls of a structure are exposed
all day to sunlight, and a major component of heat transfer
occurs through the roofing and walls of a building. The
horizontal and plain rooftops of buildings absorb higher
solar radiation intensity compared to the vertical walls of the
building (Zingre et al., 2015; Ahmad et al, 2021b). Major
thermal conduction in indoor buildings occurs through the
rooftop, and improvement here would significantly reduce the
energy consumption of the building (Ahmad et al., 2021b).
Therefore, rooftop thermal insulation is one of the most
effective strategies for achieving energy conservation and
thermal comfort during cold winters and warm summers in
a composite climate. Thermal insulation reduces unwanted heat
loss or gain and hence decreases the energy demands of heating
and cooling systems (Ascione et al., 2013; Berardi and Naldi,
2017). Ahmad et al. (2021a) have highlighted the notable effects
of straw bale utilization in the buildings and achieved
encouraging results.

Daily average indoor temperatures were 9°C in January
and 28°C in June; these measurements show that buildings
are thermally discomforted as their temperature readings do
not meet the ASHRAE Standard 55 recommendations of
25-27°C for summer and 17.2-23.2°C for winter (Olesen
and Brager, 2004; Singh et al., 2016). The validation of
field temperature data with computational analysis shows
significant validity with less than a 5% difference. These
findings suggest that the existing roofing system for the
buildings is incapable of providing adequate thermal
comfort to occupants and that the application of thermal
insulation is essential to improve thermal comfort in the
building. The conventional building simulation was analyzed
by CFD, and thermal insulators were applied one by one on
four different locations on the rooftop, and results were
obtained. First, the thermal effect of the straw bale was
examined, and findings indicated that installing this
insulation material on the rooftop had a slight effect on
indoor temperature: it slightly reduced the temperature
during summer and slightly increased it during winter.
However, the temperature was still out of the range
specified by the ASHRAE Standard 55 and the literature.
Ahmad et al. (Ahmad et al., 2021a) have highlighted the
notable effects of straw bale utilization on buildings, finding
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indoor temperatures to be slightly reduced, but did not
achieve the ASHRAE-recommended standard.

In the second attempt, sheep wool thermal insulation was
examined. Findings show a slight reduction in the indoor
temperature in summer and minor improvement in the
winter; however, the ASHRAE Standard 55 threshed value
was not achieved.

Recycled glass was examined by installation at four different
locations on the rooftop and produced a 7.4% indoor

temperature increase in January and a 10.2% indoor
temperature decrease in summer. Thus, recycled glass
installation provides the best indoor thermal comfort

compared to straw bale and sheep wool. Thermal comfort is
important in reducing excessive demand on the electrical grid
during peak hours. By reducing peak heat load and flux, smaller-
capacity air conditioning equipment would be required, and
these achievements would increase the energy efficiency of the
overall system, ultimately moving toward an environment- and
climate-friendly environment.

6 Conclusion and future studies
This study’s findings are:

1. Experimental measured and predicted temperature data show
similar results for January and June in Peshawar, Pakistan.
Study findings showed that 2nd January has the lowest (7.6°C)
and 11th June has the highest (36.4°C) indoor building air
temperature.

2. Indoor air temperature variations in winter and summer did
not meet the ASHRAE Standard 55, which has recommended
values of 23.9-30.9°C for summer and 18.2-25.2°C for winter.
The existing roof system is not capable of providing a
comfortable environment to occupants.

3. The study concluded that thermal insulation materials (straw
bale, sheep wool, and recycled glass) positively and
significantly improve temperatures in winter and summer.

4. The study found that recycled glass distribution gave the best
improvement compared to straw bale and sheep wool, which
are thermal insulation materials. Improvement was recorded
for both seasons: in summer, the reduction in daily average
temperature was 10.2%, the reduction in thermal amplitude
was 48.3%, the increment in time lag was 100%, and the
increment in the period of comfort hours was 380%.

5. In winter, the daily average air temperature increased by 7.4%,
the thermal amplitude decreased by 59.3%, and the time lag
increased by 100% in comparison with the baseline case
results.

6. Overall, the results of this research confirm that the thermal
insulation of a building’s roof has a significant impact on
indoor air temperature. The theoretical implication of the
study is that the utilization of waste material with lower
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thermal conductivity improves thermal comfort in
buildings and has a practical contribution since Pakistan
is enduring huge energy crises at the same time as the
country is facing climate impacts. Achieving a building’s
thermal comfort by utilizing waste material will
significantly ~ reduce its overall contribution to
greenhouse gas emissions. This study is geographically
limited to the Peshawar city. The general building design
is another limitation, as it differs based on location.
Importantly, only indoor and outdoor air temperature
were recorded while humidity was ignored; the study
was also limited to rooftop thermal conduction, and
vertical walls, windows, and doors could be considered
in the future. Importantly, the study concentrated on
locally available waste or recycled materials, but non-
commercial materials could also be used in the future. In
the future, it is recommended to conduct a study on the
effects of changing the thickness of the thermal insulation
material, and of using thermal insulation for the vertical
walls of the building, on indoor temperatures; moreover,

other factors such as humidity could also be measured.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

accession number(s) can be found in the article/
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