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Abstract: Mosques are quite different from other building types in terms of occupant type and usage
schedule. For this reason, they should be evaluated differently from other building types in terms of
thermal comfort and energy consumption. It is difficult and probably not even necessary to create
homogeneous thermal comfort in mosques’ entire usage area, which has large volumes and various
areas for different activities. Nevertheless, energy consumption should be at a minimum level. In
order to ensure that mosques are minimally affected by outdoor climatic changes, the improvement of
the properties of the building envelope should have the highest priority. These optimal properties of
the building envelope have to be in line with thermal comfort in mosques. The proposed method will
be a guide for designers and occupants in the design process of new mosques or the use of existing
mosques. The effect of the thermal properties of the building envelope on energy consumption was
investigated to ensure optimum energy consumption together with an acceptable thermal comfort
level. For this purpose, a parametric simulation study of the mosques was conducted by varying
optical and thermal properties of the building envelope for a temperature humid climate zone. The
simulation results were analyzed and evaluated according to current standards, and an appropriate
envelope was determined. The results show that thermal insulation improvements in the roof dome of
buildings with a large volume contributed more to energy savings than in walls and foundations. The
use of double or triple glazing in transparent areas is an issue that should be considered together
with the solar energy gain factor. Additionally, an increasing thickness of thermal insulation in
the building envelope contributed positively to energy savings. However, the energy savings rate
decreased after a certain thickness. The proposed building envelope achieved a 33% energy savings
compared to the base scenario.

Keywords: religious buildings; thermal comfort; energy consumption; building envelope

1. Introduction

Mosques are religious buildings used at different times of the day, with varying user
densities and types and where many people can worship at the same time. The formal and
physical properties of the mosques vary according to parameters such as culture, geography,
and topography. However, the orientation of mosques should always be towards Mecca
(Kaaba). The buildings are used for various activities such as worshipping, reading the
Qur’an, chatting, and visiting for touristic purposes.

One of the important things that should be considered in building design would
be the comfort of the occupants. Thermal comfort is the state of being satisfied with the
thermal environment [1]. In order to increase the thermal comfort level of the users in
buildings, many studies have been carried out with various methods such as experiments,
measurements, and surveys since 1897 [2]. There are many studies to determine the thermal
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comfort of different building types such as schools, hospitals, offices, and residential
buildings in the literature [3-8]. There are various studies to reduce the energy consumption
of buildings too [9,10]. An effort has been made to reduce the energy consumption load of
buildings with active design parameters and by developing technological facilities [11,12].

The usage density and hours of religious buildings are quite different from building
types such as offices, schools, shopping malls, and hospital. There are limited studies
on determining the thermal comfort level in religious buildings. The studies generally
aim to determine the indoor thermal comfort level [13,14]. The thermal sensations of the
users were determined by the survey method in the studies. At the same time, the indoor
comfort parameters and the survey results were compared. The results were controlled
according to the standards [15,16]. There are studies to reduce energy consumption in the
design and usage stages of mosques [17,18]. The suggestions of the studies are presented to
improve the current situation. In addition, the improvements are made in terms of energy
consumption with active design parameters [19-22].

The acceptable thermal comfort and efficient use of energy in the buildings is an issue
that should be considered at the design stage of the buildings. First of all, the building
envelope should be improved in order for the buildings to be minimally affected by outdoor
climatic changes. There are many studies on the improvement of the building envelope and
the effect on energy consumption [23,24]. Tong et al. investigated the indoor temperature
relationship of scenarios such as the transparency ratio of the building envelope, the open-
closed state of the windows, and the glass solar heat gain coefficient (SHGC) in residential
buildings [25]. Additionally, the issues of different materials and new application proposals
related to the improvement of the building envelope have been studied [26,27].

There are very few studies on optimum design and building envelope characteristics
to ensure the minimum energy consumption of religious buildings. Al-Homoud conducted
an optimization study on the design of physical and thermal properties of medium-sized
mosques (300 m?) in the hot-dry and hot-humid climates of Saudi Arabia [28]. Budaiwi
et al. studied envelope retrofit and usage schedule alternatives of heating, ventilation,
and air conditioning (HVAC) systems to reduce the energy consumption of mosques in
hot climates. They presented recommendations about the use of insulation in roof and
wall, air infiltration, and air conditioning (AC) operational strategies [29]. Ibrahim et al.
proposed improvements in the materials of the roof of a mosque in Sarawak, a hot-humid
climate zone. The thermal comfort level was examined according to the Corrected Effective
Temperature (CET) index [30]. Majid et al. investigated the effects of orientation and
volume differences on thermal comfort and energy consumption in the design of mosques
in a hot-humid climate zone [31]. In the literature, there are many studies examining
buildings in different climate types in terms of thermal comfort, energy consumption, and
building envelope. However, there are a very limited number of the studies examining the
building envelope parameters in terms of both thermal comfort and energy consumption
of buildings with a specific character such as mosques. In addition, the climate types
in which the mosques will be designed are important. The climate type directly affects
the envelope organizations of buildings. In conclusion, it is necessary to determine the
optimum building envelope properties in terms of energy savings and thermal comfort at
the same time. In this sense, this study provides guidelines for designers and users for new
mosques or mosques that will be repaired in a temperate humid climate.

The aim of the study was to improve the building envelope properties of mosques
to minimize energy consumption while providing an acceptable thermal comfort level.
For this purpose, a parametric simulation study of the mosques was conducted by vary-
ing optical and thermal properties of the building envelope for a temperature humid
climate zone. The simulation results were analyzed and evaluated, and a building envelope
proposal was made.
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2. Materials and Methods

The most basic type of worship in mosques is “prayer” (salaat). The prayer in the
buildings can be done collectively, simultaneously, or individually. The occupants gradually
fill the worship place according to the prayer time. However, they leave the building at the
same time at the end of the worship. Prayer times vary according to the movement of the
sun throughout the year. The occupants pray together at 5 different meals of the day. They
can also pray individually at any time of the day. It is necessary to keep the building
at a certain level of thermal comfort for individual prayers during worship hours. This
situation requires energy consumption. In order to ensure that the mosques are minimally
affected by outdoor thermal changes, it is important that the building envelope should be
properly designed.

The aim of this study was to improve the building envelope properties of mosques
that allow individual and collective worship. Figure 1 shows the stages of the developed
method in the study. First of all, a base scenario was created in order to have a reference
for other stages and a comparison model. In the second stage, the recommended heat
transfer coefficient value of the insulation material to be used in the building envelope and
20 different layer intervals were analyzed. In addition, the recommended heat transfer
coefficient for glazed areas and five improvement suggestions were examined. The building
envelope scenarios created in the third stage were examined with regard to the overall
heat transfer coefficient, the transparent ratio (window-to-wall ratio), the shading element
condition, and the thickness of the thermal insulation material. The stages of this study were
created in order to determine the amount of saved energy without harming thermal comfort.
In this context, the sample mosque models were drawn in the Sketchup program [32]. The
building envelope scenarios of the mosques were created through the OpenStudio and
EnergPlus programs [33,34]. The scenario results were analyzed on a daily, monthly, and
annual basis through the DataViewer program [35].

Generating Suggestions for New Mosque Designs
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Figure 1. Stages of determining the optimum envelope properties of the mosques.

The thermal comfort analysis of the base mosque and other scenarios were made accord-
ing to the Predicted Mean Vote-Predicted Percentage Dissatisfied (PMV-PPD) thermal comfort
scale in the International Organization for Standardization (ISO) 7730 and the American Soci-
ety of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 55 standards [36,37].
PMV—PPD thermal comfort scale was recommended as +0.5 > PMV > —0.5 and 10% > PPD
to the acceptable comfort range for newly constructed or used buildings in the standards.
For this reason, the acceptable thermal comfort ranges of the scenarios in the mosque usage
hours were accepted as the values specified in the standard.
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2.1. Introduction of Physical Characteristics and Determination of Base Scenario Properties

Istanbul was chosen as the location of the mosque used in the simulations. It is located
in the temperate humid climate zone. The outdoor mean air temperature in Istanbul is 8 °C
in winter, 15.9 °C in spring, and 25.0 °C in summer. The yearly mean number of rainy days
is 125.1 days [38]. The yearly mean relative humidity is 72.5% [39]. The mosques in Istanbul
should be oriented towards the gibla (Mecca) at an angle of 146.7°. This situation directs
the design of mosques in the southeast-northwest direction. The climate data introduced to
the simulation program were taken from the weather data of the Energyplus program [40].

Determination of Base Scenario Properties

The transparent ratio of the base mosque was 50%, being the same on all fagades.
A single dome was added to the square base as a planning scheme of the mosque. The total
floor area of the mosque was 900 m?2, and its volume was 11,094 m3. The dimensions and
the plan scheme of the base scenario were determined according to the classifications
obtained from the literature [41,42]. The heating and cooling system was a fan coil sys-
tem. The heating of the indoor environment was provided by the boiler water system.
In summer, the cooling is done by the chiller water system. The nominal thermal efficiency
value of the boiler system was 0.8, and the coefficient of performance (CoP) value of the
chiller system was 5.5. The shading element was not used in front of the transparent areas
in the base mosque scenario. Double glazing was used in transparent areas. Figure 2 shows
the cross-sectional properties of the building envelope components.

Cement Plaster (0.02 m)
XPS Insulation Material (0.04 m)
Brick (025 m})

Gypsum Plaster (0.02

Figure 2. The section properties the building envelope of base mosque scenario.

The properties such as the form and mass organization for the base scenario were
kept constant in other scenarios. The optical and thermophysical properties of the building
envelope were investigated in terms of energy consumption and thermal comfort. Figure 3
shows the dome and fagade organization of the base mosque design.

/8= |

Figure 3. Outdoor facades of the base mosque scenario.

The usage schedule of the mosque was determined according to the usage density of
mosques in the literature and the research works of the authors [17,19]. Time, the type of
worship, and seasonal changes were taken into account in the creation of usage schedules.
Figure 4 shows the usage density on Friday and other days of the base scenario. The



Energies 2021, 14, 6597

50f17

occupants’ density was determined according to the data obtained from the literature and
real conditions [17].
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Figure 4. The usage density schedules on Friday and other days (except for Friday) of the base scenario.

Figure 5 shows the heating and cooling system schedule used as a reference in other
scenarios. In all scenarios, HVAC system operation was adjusted according to prayer
times to ensure thermal comfort. The indoor environment of the mosque scenarios was
kept at a certain temperature, except during prayer times. During the heating period,
the indoor temperature was maintained at 25 °C in prayer times, at 23 °C during usage
hours out of the collective prayer time, and at 15 °C during the hours when the mosque
was closed. During the cooling period, the indoor temperature was at 20-22 °C in prayer
times, 23-25 °C during usage hours out of the collective prayer time, and it was turned
off during the hours when the mosque was closed. In addition, indoor temperature level
schedules were introduced to the program in detail according to situations such as Friday
prayers, Ramadan tarawih prayers, and seasonal prayer times. The air temperatures at the
floor differ from the average temperatures in the mosque, which are usually calculated
by simulation programs. This is especially true in high indoor spaces. The real thermal
comfort of prayers in a mosque will most likely differ from the calculated one. The mean
radiant temperature (MRT) and the relative humidity level were taken from the Istanbul
climate file in EnergyPlus weather data. The mean radiant temperature of the scenarios
was determined by the zone-averaged MRT calculation type in the program.
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Figure 5. The heating and cooling system schedules of the base scenario.

In all scenarios, the schedules of the mosque such as lighting, the electrical load of the
interior equipment, and the airtightness level were processed in detail in the input part of
the simulation program. The values in Table 1 were determined according to the values
specified in Turkish Standard (TS) 825, taking into account the seasonal changes, the type of
worship, and the intensity of the prayer time [43]. The effect of the changed features in the
scenarios on the energy consumption will be determined. There are recommended values
for thermal comfort parameters in the standards [36,37,44]. The values taken into account in
the simulations were determined by benefiting from the studies conducted by the authors
for Istanbul through survey, measurement, and observation methods and through the
standards [17,19,45]. Table 2 shows the thermal comfort parameters in the scenarios.
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Table 1. The physical properties and HVAC system data of the base mosque scenario.
Properties of Base Mosque Scenario
Transparent ratio %50—All Facades Plan Schema Square
Wall—0.57 Dome roofing Singler =10 m
Overall heat transfer Ground—~0.36 Plan area 900 m? (30-30-10)
Coefficient (W/m?2K) Roof—0.53 Total volume 11,094 m3
Window—1.8 Air exchange rate 0.5 ach (1/h)
Fan coil system (natural Shading materials
HVAC system type y L. (vertical-horizontal or None
gas + electricity)
pattern form)
Table 2. Thermal comfort level analysis inputs of mosque scenarios.
Parameters/Season Winter Spring Summer
Relative air velocity (m/s) 0.15 0.15 0.15
Clothing insulation (clo) 11 0.9 0.5
Metabolic rate (met) 1.3 1.3 1.3

2.2. Other Scenarios Depended on Building Envelope Parameter Change

Other scenarios were created based on the change in the U-value, the transparent ratio,
and the shading elements. Within the scope of the study, the improved values and limit values
specified in the TS 825 standard were examined in terms of the effect on thermal comfort and
energy consumption in the scenarios. Table 3 indicates the overall heat transfer coefficients of
the building envelope to be considered in the scenarios. The reduction in energy consumption
due to changing only the thickness of the thermal insulation material (1 cm intervals) used in
the building envelope was also investigated. For this reason, it was analyzed by increasing
the thermal insulation material from 0 to 0.2 m on the wall, roof, and foundation.

Table 3. Heat transfer coefficients and thickness range of thermal insulation material in the scenarios.

Building Improved U The Standard U IRZ::::;:]H Coal:i‘ilrzntiility Specific Heat Density Thickness
2 2 3
Component Value (W/m*K) Value (W/m*K) Location (W/mK) (J/kgK) (kg/m>) Range (m)
Wall 0.34 0.57 Wall 0.03 1400 35 0-0.2
Roof 0.25 0.53 Floor 0.03 1400 35 0-0.2
Foundation 0.26 0.37 Foundation 0.03 1400 35 0-0.19
Window 0.92 1.81 Window Variables: Gas type, U value, SHGC

Table 4 shows the transparent ratios of the building envelope according to direc-
tions. The changes in the transparent ratios on the fagades were designed over four levels,
taking into account the existing applications. These were very small (15%), small (25%),
medium (50%), and large (75%).

e  Scenarios where the same transparent ratios were applied on all fagades were 25%,
50%, and 75%.

e  The very small rate on the northern fagade was kept constant at 15%, while the other
facades were scenarios as 25% (small) and 50% (medium).

In cases where the transparent ratio was 50% and 75%, it was tried to reduce the cooling
loads by using shading elements in the building envelope. The shading elements were
applied as a horizontal-vertical and pattern-decorative form on the envelopes depending
on the directions. Calculations regarding the shading elements were made on 21 June at
9:00 on the northeast side of the building, at 12:00 on the southeast side, and at 15:00 on the
southwest side. Accordingly, the width of the horizontal shading elements was 0.32 m, and
the width of the vertical shading elements was 0.4 m. The pattern shading elements were
designed to create 50% transparency on the fagades. The unit of the patterns consisting of
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rhombuses was 0.25 m?. The building envelope and mosque design properties were used

in common with their general properties in the scenario stages. Table 5 shows the fagade
views of the other scenarios created for comparison according to the base scenario. It is

also stated in the parameters changed in the scenarios.

Table 4. Transparent ratios of building envelope according to directions in scenario types.

Directions

Transparent Ratio (%) in the Scenario Types

North
South
East
West

15 15
50 25
50 25
50 25

25
25
25
25

50 75
50 75
50 75
50 75

Table 5. The changed properties of the building envelope according to Sample A in the other scenarios.
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All fagades transparency: 50%
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3. Results and Discussion
3.1. Effect of Material Properties Change in Base Scenario

The usage amount and type of materials in the building envelope should be considered
at the beginning of the design process of the buildings. Material selection and amounts
should be at the optimum level based on the climate type and the intended use of the
buildings. In order to improve the thermal properties of the building envelope while being
provided with the thermal comfort of the indoor environment, the common application is
the use of a double-triple glazing window and a thermal insulation material. At the same
time, the improvement in the thermal properties of transparent areas is made. However,
the optimum use of these materials is important in terms of both the initial investment cost
and the reduction in the use of raw materials.

The energy consumption change was investigated by reducing the heat transfer
coefficient of the transparent areas. The effect of the improvements made in the glass areas
of the base scenario with a 50% transparent ratio was examined on the energy consumption.
Table 6 shows the thermal properties of transparent area alternatives. In creating the
scenarios, the thermal insulation material was not used on the opaque areas of the mosque
building envelope. In this way, only the effect of transparent area improvements was
examined. The air and argon gas used in the gaps between the glasses and double-triple
glass alternatives were tried. In the simulations, it was noted that the thermal comfort level
was within acceptable ranges.

Table 6. The alternative scenarios to transparent area of the mosque envelope.

Scenario’s T Fillin Glass Layer Visible Solar Heat Gain U Value

Name ype 8 Types (mm) Transmittance (%) Coefficient (W/m?K)
W1 Double Air 4+16+4 83 0.82 2.7
W2 Double Air 4+16+4 73 0.54 1.81
W3 Double Argon 4+16+4 73 0.54 1.51
W4 Double Argon 4+12+4 73 0.54 1.46
W5 Triple Air 4+12+4+12+4 62 0.46 0.92
Wé Triple Argon 4+12+4+12+4 62 0.46 0.78

Figure 6 shows the energy consumption of different glass alternative scenarios. In com-
paring W1 and W2 scenarios, there was an increase in energy consumption despite the
improvement in the U-value due to the decrease in solar energy gain of the transparent
areas. This situation shows the benefit of solar energy gain for the heating period. In
addition, the reduction in solar energy gain could not balance the increase in the total,
although it is beneficial during the cooling period. The contribution of the quality of the gas
used and the improvement in the U-value were investigated to energy saving. The U-value
improved with the gas used in the W2 and W3 scenarios. It was same for the SHGC and
glass-layer values in the W2 and W3 scenarios. This situation was reflected in the energy
consumption. Although triple glass provides benefits in terms of U-value, it had a negative
effect in terms of solar energy gain. This affected the amount of reduction in total energy
consumption. Thermal improvements in transparent areas did not have a large positive
effect during the cooling period.

The air or argon gases in the spaces between the glasses did not cause a large difference
in terms of energy consumption. Within the scope of this study, when considering the
current cost and access conditions of argon gas, it can be thought that the use of air gas in
windows is more effective. Improving the U-value and solar energy gain in transparent
areas greatly affects the total energy consumption. It was seen in the simulation results
that the use of double glazing or triple glazing in transparent areas is an issue that should
be considered together with the solar heat gain coefficient. The glass type was selected
according to the analysis in base and other scenarios.
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m Cooling (kwWh) 36,051.55 29,569.75 29,935.39 29,996.33 28,464.52 28,658.42

Figure 6. Energy consumption amounts due to improving the thermal properties of the transpar-
ent areas.

In this section, while being provided with indoor thermal comfort, the effect of the
thickness of the thermal insulation material used in the mosques’ building envelope was
examined in terms of energy consumption. Table 7 shows energy saving values in terms of
insulation material thickness in the building envelope. The analyses were made according
to the changed features so that the features of the base scenario (Sample A) remained the
same. Energy saving refers to the amount of reduction in energy consumption with the
effect of the added thermal feature compared to the absence of any thermal insulation
material. The light grey line shows the thickness used in the base scenario, while the
dark grey line shows the optimum thickness. After the dark grey line’s values, increasing
the thickness of the insulation material did not make a significant contribution to energy
saving. The determined insulation material thickness and U-values were used by crossing
each other with different parameters in other scenarios.

Table 7. Energy saving via thermal insulation material thicknesses in the building envelope.

}‘{hickness — Energy-Saving in Wall (kWh) I Energy-%i“f\i;ﬁ% in Roof — Energy-Sa(\lf(i‘lllvgl‘l ;n Ground
?Cnrﬁfs Wim*K) TWO;?II Heating Cooling (Wim*K) ;r{(:)t:; Heating Cooling Whm*K) G{gfl}l q Heating Cooling
0 169 0 0 0 249 0 0 0 083 0 0 0
1 113 20329 20603 493 144 65527 65774 1039 0.67 1227 2463 1105
2 085 31,83 32309 809 101 93435 93997 1698 056 2030 4089 1859
3 068 37858 38406 958 078 109307 110127 2169 048 2357 5069 2443
4 057 42461 43112 1114 063 119,008 119960 2429 042 2648 5814 2848
5 049 45253 45965 1210 053 125957 126985 2598 037 2969 326298 36,877
6 042 46932 47622 1216 046 131902 133,068 2812 034 3033 326071 37,040
7 038 48577 49312 1277 041 135658 136877 2914 031 3562 7570 3615
[ 8 034 4994 50702 1316 | 036 138863 140126 3003 0.28 3385 7493 3703
9 031 50965 51,746 1352 033 141281 142605 3089 | 026 3559 7798 8825 |
10 028 52397 53250 1438 030 142364 143649 3072 024 3706 8077 3944
11 026 53,098 53973 1468 028 145093 146483 3202 023 1961 6629 4191
12 024 53763 54652 1490 | 025 146624 148029 3244 | 021 2108 6859 4269
13 023 54392 55309 1529 024 147910 149342 3282 020 210 7047 4346
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Table 7. Cont.

Energy-Saving in Wall (kWh)

Energy-Saving in Roof Energy-Saving in Ground
(kWh)

"{{l;i;g;ess U Valzue U Va12ue (kWh U Va12ue

(cm) (W/m“K) w:ﬁl Heating Cooling (Wim“K) "Il"{(:)tg; Heating Cooling (Wim®K) G]Ijgrrll d Heating Cooling
14 0.21 55,009 55,929 1535 0.22 149,104 150,555 3321 0.19 2246 7163 4418
15 0.20 55,422 56,353 1551 0.21 150,131 151,610 3357 0.18 4737 9557 4352
16 0.19 55,810 56,749 1565 0.20 151,043 152,538 3388 0.17 4792 9673 4407
17 0.18 56,151 57,095 1576 0.19 151,882 153,394 3415 0.16 4828 9767 4460
18 0.17 56,472 57,425 1587 0.18 151,616 153,062 3354 0.15 4881 9870 4504
19 0.16 56,802 57,757 1593 0.17 152,223 153,680 3374 0.15 4438 9501 4573
20 0.15 57,029 57,987 1601 0.16 152,724 154,198 3393

Another parameter that prevents the indoor environment from being affected by out-
door environment changes is the thermal inertia of the building envelope. It prevents and
absorbs the transfer of heat to the indoor environment, especially in summer. The building
envelope cools down at night. In the winter season, it prevents heat from transferring
from the indoor environment to the outdoor environment. It is requested that the phase
difference is high and that the thermal amplitude factor is low. However, within the scope
of this study, the issue of thermal inertia was left to be examined in future studies.

Figure 7 shows the curves of energy saved by increasing the thickness of the thermal
insulation material. The scenarios were created by applying a thermal insulation material
to a building envelope component and by not using it to other building components. It
was seen that the slope of the curve decreases after a certain thickness in the curves of
the thermal insulation material from 0 to 0.2 m on the wall and roof surface. On the other
hand, the thermal insulation improvements made in the foundation proceeded linearly in
a horizontal direction. The thickness of the thermal insulation of the floor had a minimal
effect on energy savings. However, thermal improvements to be made in the roof dome
organization of buildings with a large volume, such as mosques, contributed more to
energy saving than to walls and foundations.
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Figure 7. The curves of energy saved by increasing the thickness of the insulation material.

3.2. Thermal Comfort and Energy Consumption of Base Scenario

The thermal comfort level was arranged to be within acceptable ranges according to
worship times in the base scenario. The heating and cooling system of the mosque was
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adjusted to remain at a certain performance, except for the collective prayer times. Figure 8
shows the PMV-PPD level results of the base mosque depending on the selected special
days. The suitable conditions were created to achieve minimum energy consumption by
being provided an acceptable level of thermal comfort in the mosque. In this scenario,
the thermal comfort level remained within the acceptable limits during prayer times. The
indoor environment, which was kept at a certain temperature during the night when the
mosque is closed, was seen in the thermal comfort level range of +0.5 > PMV > —0.5 during
partial usage times. The mosque was generally at the comfort levels indicated in Figure 8
on other days of the year.

") 21 December PMV-PPD Level 1 41 21 March PMV-PPD Level 1%°.4 21 June PMV-PPD Level j20
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Figure 8. PMV-PPD results of the base mosque scenario on the selected days.

Table 8 shows the distribution of the energy consumption used to create the acceptable
thermal comfort level in the mosque scenario. Natural gas energy constituted 61% of
the total consumed energy for heating purposes. The electrical energy consumed for
cooling was 26% of the total energy. There was energy consumption in the mosque for
heating, cooling, lighting and for interior equipment, the pump, and the fan. The total
energy consumption of the mosque was 195,700 kWh. The energy consumption per unit
area of the mosque was 217.44 kWh/m?. The amount of energy consumption per unit
volume was 17.64 kWh/m?. The obtained data were compared according to the results of
other scenarios.

Table 8. The total energy consumption of the base mosque design.

Energy Usage GJ kWh Energy Usage GJ kWh Unit Area (W/m?K)
Total side energy 704.5 195,700.0 Fan 29.7 8255.6 2174

Heating 429.8 119,402.8 Lighting 29.8 8288.9 Unit Vol. (W/m3K)
Cooling 184.7 51,322.2 Equipment 22.6 6280.6 17.6

3.3. Comparing to Energy Consumption Data of Other Design Scenarios

A base scenario refers to a set of basic assumptions that are expected to result in the
most realistic outcome of a series of events. It allows an analyst to construct variant scenar-
ios by changing key variables to determine the deviation between the variant outcome and
the base scenario outcome.

In the scenarios from Sample A to Sample M, the effect of the building envelope overall
heat transfer coefficient, the transparent ratio, and the shading element were investigated
in energy consumption. The thermal comfort level of each scenario was examined in detail
for special days and other days of the year. The scenarios” heating and cooling system
schedule was arranged so that the indoor environment remained at an acceptable thermal
comfort level. Therefore, other usage schedules except for the HVAC system schedules
were the same as the Sample A scenario. The changes in the created scenarios are indicated
in the grey boxes in Table 9.
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The dimensions of the horizontal shading elements in the south direction and the
vertical shading elements in the east and west directions were calculated according to
the solar rays” angle on 21 June. The shading elements created for decorative purposes
were designed to create a 50% transparent ratio in the building envelope. On the other
hand, the optimum envelope scenario was created through the data obtained from the
energy consumption of the other scenarios in the study. The overall heat transfer coefficient
was improved compared to the Sample A scenario, and the horizontal-vertical shading
elements were used in this scenario.

Table 9. The changed properties of scenario types created according to sample A.

Variables Sample A Sample B Sample C Sample D Sample E Sample F Sample G
Transparent 50%—all 50%—all 50%—all 50%—all 25%—all 75%—all 50%—3 fag.
Ratio facades facades facades facades facades facades 15%—North
Overall Heat 0.57—wall 0.57—wall 0.33—wall 0.33—wall 0.57—wall 0.57—wall 0.57—wall
Transfer 0.36—found. 0.36—found. 0.25—found. 0.25—found. 0.36—found. 0.36—found. 0.36—found.
Coefﬁczient 0.53—roof 0.53—roof 0.25—roof 0.25—roof 0.53—roof 0.53—roof 0.53—roof
(Wm?K) 1.8—win. 0.9—win. 1.8—win. 0.9—win. 1.8—win. 1.8—win. 1.8—win.
l\s,ll;igrlig A None None None None None None None
Variables Sample H Sample I Sample J Sample K Sample L Sample M Opt. Env.
Transparent 25%—3 fag. 50%—all 75%—all 75%—all 75%—all 75%—all 50%—all
ratio 15%—North facades facades facades facades facades facades
Overall Heat 0.57—wall 0.57—wall 0.57—wall 0.57—wall 0.57—wall 0.57—wall 0.33—wall
Transfer 0.36—found. 0.36—found. 0.36—found. 0.36—found. 0.36—found. 0.36—found. 0.25—found.
Coefﬁczient 0.53—roof 0.53—roof 0.53—roof 0.53—roof 0.53—roof 0.53—roof 0.25—roof
(Wm?K) 1.8—win. 1.8—win. 1.8—win. 0.9—win. 1.8—win. 0.9—win. 0.9—win.
Shadig N Mool oo Holonh paemom  ravemiom  Horonth

Figure 9 shows the energy consumption results of 14 scenarios created to determine
the mosque’s optimum building envelope. The figure also shows the percentage change in
the consumption amount of other scenarios by accepting the Sample A scenario as 100%.
For example, 25% energy savings were achieved compared to the Sample A scenario in the
Sample D scenario. Most energy saving was with the improvement in terms of the overall
heat transfer coefficient of the opaque and transparent areas of the building envelope. The
highest loss in energy saving occurred when the transparent ratio was 75% and the shading
element was in a pattern-decorative form (Sample L).

250,000

200,000

150,000

100,000

50,000

0

—— Sample A level

8

W Sample A

-
N
o

m Sample B

® Sample C 100

m Sample D
m Sample E 80

® Sample F 60

M Sample G

m Sample H 40

= Sample |

Scenarios’ Comparison Rates (%)

20
u Sample J

m Sample K 0

Total Side Energy Rate of the Scenario Types

W Sample L
Sample M mSample A mSampleB mSampleC mSampleD mSampleE

O. Envelope mSampleF ®WSampleG ®WSampleH ®Samplel  ®Sample)

Total Side Energy of the Scenario Types m Sample K mSample L Sample M 0. Envelope

Figure 9. Total energy consumption amounts and rates of sample mosque scenarios.

The improvement in the heat transfer coefficient of only the windows of the building
envelope with a 50% transparent ratio obtained a similar amount of energy saving with
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the improvement in the heat transfer coefficient of all opaque areas (Sample B,C). It is one
of the best solutions to improve the heat transfer coefficient of opaque and transparent
areas together (Sample D). Increasing the transparent ratio of the building envelope caused
an increase in energy consumption (Sample F). As a result of reducing the transparent
ratio, there was not a huge change in energy consumption compared to the base scenario
(Sample E). However, reducing the transparent ratio reduced the gain of daylight. In
addition, various transparent ratios depending on different directions were analyzed.
According to the base scenario, there was no large difference in energy consumption
(Sample G,H).

The use of shading elements in the building envelope of the base scenario, together
with the improvement in the heat transfer coefficient of the transparent areas, made a
huge positive contribution. There was no large difference in energy consumption between
the horizontal-vertical shading element and the pattern shading element (Sample J,L).
However, the horizontal-vertical shading element provided a greater positive contribu-
tion in terms of daylight saving and provided more effective visual contact with the
outdoor environment.

Figure 10 shows the energy consumption amounts of the HVAC system for the sce-
narios created by changing the building envelope properties. Reducing the overall heat
transfer coefficient contributed positively to the heating energy consumption while making
a negative contribution in terms of cooling energy consumption. While the use of shading
elements had a negative effect on the heating energy, it had a positive effect on the cooling
energy. Reducing the transparent ratio according to base scenario increased the energy
consumed for heating. However, it reduced the cooling load. Increasing the transparent
ratio of the building envelope reduced the energy consumed for heating, while the energy
consumed for cooling increased significantly. This situation was reflected in the total energy
consumption of that scenario (Sample F). When the scenarios with a 75% transparent ratio
were evaluated between themselves, the shading elements made a positive contribution in
terms of the cooling load. However, it was seen that it increased the heating load depending
on the glass feature. Reducing the transparent ratio of the building envelope by 15% and
25% decreased the cooling loads and increased the heating loads. This situation caused an
increase in the heating consumption of the HVAC system.
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Figure 10. The HVAC system energy consumption amounts of sample mosque scenarios.

It is impossible to select a criterion in the properties of the building envelope in
14 different mosque scenarios. Therefore, there is a necessity for selection and optimization.
As a result of the analyses made in the sample mosque scenarios, the improvement in the
overall heat transfer coefficient should be applied to all building envelope components
(opaque and transparent areas). The transparent ratio of the building envelope may be
increased by decreasing the heat transfer coefficient of the transparent areas. In addition,
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the use of shading elements, when applied individually, increased the energy consumed
for heating. In the optimum envelope scenario, the overall heat transfer coefficient of the
building envelope components was improved by keeping the transparent ratio at 50%. In
addition, horizontal and vertical shading elements were used depending on the directions
on the envelopes. In the optimum envelope scenario, a 33% savings was achieved in total
energy consumption compared to the base scenario. Further, the energy consumed for both
heating and cooling was saved.

4. Conclusions

In this study, the building envelope’s thermal properties were examined to minimize
energy consumption while ensuring an acceptable level of thermal comfort in mosques.
Within the scope of this purpose, the building envelope proposals of the mosques with
different optical and thermal properties in the temperate humid climate were scripted
through the simulation program. In the scenarios, the building envelope properties were
diversified to ensure that the indoor thermal comfort level was minimally affected by the
outdoor climatic changes. Consequently, the design suggestions of the building envelope
were determined for the newly designed or used mosques.

e  Thermal insulation improvements to be made in the roof dome organization of build-
ings with a large volume, such as mosques, contributed more to energy savings than
to walls and foundations.

e  The increasing thickness of the thermal insulation material used in the building
envelope contributed positively to energy saving. However, the energy saving rate
decreased after a certain thickness (wall U-value 50 mm-0.48 W/m?K, roof U-value
90 mm-0.32 W/m?K).

e  The thickness of the thermal insulation of the floor had only a minimal effect on
energy savings.

e  Compared to the base scenario, energy consumption decreased by 33% in the optimum
envelope scenario with the made improvements.

e  While thermal comfort was provided in the 25%, 50%, and 75% options of the building
envelope transparent ratio of the mosques, the minimum energy consumption was at
a 25% and a 50% transparent ratio.

e  Although the cooling energy load in the indoor environment was reduced, reduc-
ing the transparent ratio of the building envelope to 15% and 25% increased the
heating load.

e  The 75% transparent ratio of the building envelope caused 13% more energy consump-
tion compared to the base scenario.

e  Without improving the heat transfer coefficient, the use of shading elements with
75% transparency resulted in 16% more energy consumption.

e  The use of a shading element in a temperate humid climate reduced the cooling energy
load. However, there was an increase in the heating energy load.

e The shading element had the most positive effect in terms of energy consumption
when used together with the improvement in the heat transfer coefficient of transpar-
ent areas.

e  The use of horizontal-vertical or pattern shading elements (with a 50% transparent
ratio) in the building envelope resulted in similar energy savings. When considered
together with the daylight gain, horizontal and vertical shading elements depending
on the directions were found more appropriate within the scope of the study.

e  The thermal inertia of building envelope materials was very important in hot climates.
In order to investigate it in future studies, the thermal inertia was excluded from the
scope of this study.

The orientation of mosques, more variable transparency ratios, the thermal inertia
of building envelope, and HVAC system types are important parameters affecting in-
door thermal comfort and energy consumption. These parameters will be discussed more
comprehensively in future studies.
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Nomenclature

Acronyms

HVAC Heating, ventilation, and air conditioning
AC Air conditioning

CET Corrected Effective Temperature

PMV Predicted Mean Vote

PPD Predicted Percentage Dissatisfied
ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers
ISO International Organization for Standardization
TS Turkish Standard

SHGC Solar Heat Gain Coefficient

CoP Coefficient of Performance

Meaning

r Radius

m Meter

h Hour

S Second

ach Air change per hour

Units

clo Clothing insulation

met Metabolic rate

1/h Air change per hour

References

1. Fanger, PO. Thermal Comfort: Analysis and Applications in Environmental Engineering; Danish Technical Press: Copenhagen,
Denmark, 1972; Volume 3, 244p.

2. Taleghani, M.; Tenpierik, M.; Kurvers, S.; Dobbelsteen, A.V.D. A review into thermal comfort in buildings. Renew. Sustain. Energy
Rev. 2013, 26, 201-215. [CrossRef]

3. Kim, J.; de Dear, R. Thermal comfort expectations and adaptive behavioural characteristics of primary and secondary school
students. Build. Environ. 2018, 127, 13-22. [CrossRef]

4. Del Ferraro, S.; Iavicoli, S.; Russo, S.; Molinaro, V. A field study on thermal comfort in an Italian hospital considering differences
in gender and age. Appl. Ergon. 2015, 50, 177-184. [CrossRef] [PubMed]

5. Borowski, M,; Luczak, R.; Halibart, J.; Zwoliniska, K.; Karch, M. Airflow Fluctuation from Linear Diffusers in an Office Building:
The Thermal Comfort Analysis. Energies 2021, 14, 4808. [CrossRef]

6.  Escandon, R.; Suarez, R; Sendra, ].J.; Ascione, F.; Bianco, N.; Mauro, G.M. Predicting the Impact of Climate Change on Thermal
Comfort in A Building Category: The Case of Linear-type Social Housing Stock in Southern Spain. Energies 2019, 12, 2238.
[CrossRef]

7. Al-Atrash, F; Hellwig, R.T.; Wagner, A. The degree of adaptive thermal comfort in office workers in a hot-summer Mediterranean
climate. Energy Build. 2020, 223, 110147. [CrossRef]

8.  Safizadeh, M.R.; Schweiker, M.; Wagner, A. Experimental Evaluation of Radiant Heating Ceiling Systems Based on Thermal

Comfort Criteria. Energies 2018, 11, 2932. [CrossRef]


http://doi.org/10.1016/j.rser.2013.05.050
http://doi.org/10.1016/j.buildenv.2017.10.031
http://doi.org/10.1016/j.apergo.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25959333
http://doi.org/10.3390/en14164808
http://doi.org/10.3390/en12122238
http://doi.org/10.1016/j.enbuild.2020.110147
http://doi.org/10.3390/en11112932

Energies 2021, 14, 6597 16 of 17

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

37.

38.

Gonzélez, A.G.; Garcia-Sanz-Calcedo, J.; Salgado, D.R. Evaluation of Energy Consumption in German Hospitals: Benchmarking
in the Public Sector. Energies 2018, 11, 2279. [CrossRef]

Bourdeau, M.; Guo, X.; Nefzaoui, E. Buildings energy consumption generation gap: A post-occupancy assessment in a case study
of three higher education buildings. Energy Build. 2018, 159, 600-611. [CrossRef]

Abdou, N.; EL Mghouchi, Y.; Hamdaoui, S.; EL Asri, N.; Mougqallid, M. Multi-objective optimization of passive energy efficiency
measures for net-zero energy building in Morocco. Build. Environ. 2021, 204, 108141. [CrossRef]

Bourdeau, M.; Zhai, X.Q.; Nefzaoui, E.; Guo, X.; Chatellier, P. Modeling and forecasting building energy consumption: A review
of data-driven techniques. Sustain. Cities Soc. 2019, 48. [CrossRef]

Saeed, S.A.R. Thermal comfort requirements in hot dry regions with special reference to Riyadh Part 2: For Friday prayer. Int. |.
Ambient. Energy 1996, 17, 17-21. [CrossRef]

Al-Ajmi, EF. Thermal comfort in air-conditioned mosques in the dry desert climate. Build. Environ. 2010, 45, 2407-2413. [CrossRef]
Hussin, A.; Salleh, E.; Chan, H.Y.; Mat, S. The reliability of Predicted Mean Vote model predictions in an air-conditioned mosque
during daily prayer times in Malaysia. Arch. Sci. Rev. 2014, 58, 67-76. [CrossRef]

Noman, F.G.; Kamsah, N.; Kamar, H.M. Improvement of thermal comfort inside a mosque building. J. Teknol. 2016, 78, 8-4.
[CrossRef]

Atmaca, A.; Gedik, G.Z. Determination of thermal comfort of religious buildings by measurement and survey methods: Examples
of mosques in a temperate-humid climate. J. Build. Eng. 2020, 30, 101246. [CrossRef]

Bughrara, K.S.M.; Arsan, Z.D.; Akkurt, G.G. Applying underfloor heating system for improvement of thermal comfort in historic
mosques: The case study of Salep¢ioglu Mosque, Izmir, Turkey. Energy Procedia 2017, 133, 290-299. [CrossRef]

Atmaca, A.B.; Gedik, G.Z. Evaluation of mosques in terms of thermal comfort and energy consumption in a temperate-humid
climate. Energy Build. 2019, 195, 195-204. [CrossRef]

Al Rasbi, H.; Gadi, M. Energy Modelling of Traditional and Contemporary Mosque Buildings in Oman. Buildings 2021, 11, 314.
[CrossRef]

Elshurafa, A.M.; Alsubaie, A.M.; Alabduljabbar, A.A.; Al-Hsaien, S.A. Solar PV on mosque rooftops: Results from a pilot study in
Saudi Arabia. J. Build. Eng. 2019, 25, 100809. [CrossRef]

Azmi, N.A,; Arici, M,; Baharun, A. A review on the factors influencing energy efficiency of mosque buildings. J. Clean. Prod. 2021,
292,126010. [CrossRef]

Verbeke, S.; Audenaert, A. Thermal inertia in buildings: A review of impacts across climate and building use. Renew. Sustain.
Energy Rev. 2018, 82, 2300-2318. [CrossRef]

Daouas, N. A study on optimum insulation thickness in walls and energy savings in Tunisian buildings based on analytical
calculation of cooling and heating transmission loads. Appl. Energy 2011, 88, 156-164. [CrossRef]

Tong, S.; Wen, J.; Wong, N.H.; Tan, E. Impact of facade design on indoor air temperatures and cooling loads in residential
buildings in the tropical climate. Energy Build. 2021, 243, 110972. [CrossRef]

Ascione, F; Bianco, N.; De Masi, R.E; Mastellone, M.; Vanoli, G.P. Phase Change Materials for Reducing Cooling Energy Demand
and Improving Indoor Comfort: A Step-by-Step Retrofit of a Mediterranean Educational Building. Energies 2019, 12, 3661.
[CrossRef]

Staszczuk, A.; Kuczynski, T. The impact of wall and roof material on the summer thermal performance of building in a temperate
climate. Energy 2021, 228, 120482. [CrossRef]

Al-Homoud, M.S. Envelope Thermal Design Optimization of Buildings with Intermittent Occupancy. J. Build. Phys. 2009, 33,
65-82. [CrossRef]

Budaiwi, LM.; Abdou, A.A.; Al-Homoud, M.S. Envelope retrofit and air-conditioning operational strategies for reduced energy
consumption in mosques in hot climates. Build. Simul. 2012, 6, 33-50. [CrossRef]

Ibrahim, S.; Baharun, A.; Nawi, M.; Junaidi, E. Assessment of thermal comfort in the mosque in Sarawak, Malaysia. Int. ]. Energy
Environ. 2014, 5, 327-334.

Majid, N.H.A.; Abdullah, EH.; Denan, Z. Determining model configuration for thermal simulation of urban mosque facade
design. Plan. Malays. |. 2018, 16. [CrossRef]

Trimble Inc. Sketchup Pro 2016. Available online: https:/ /www.sketchup.com/ (accessed on 3 November 2016).

OpenStudio Building Energy Modelling Software. Available online: https://openstudio.net/ (accessed on 21 September 2021).
EnergyPlus. Available online: https://energyplus.net/ (accessed on 10 August 2020).

DataViewer (DView) Simulation Output Software. Available online: https://github.com/NREL/wex/wiki/DView (accessed on
21 September 2021).

International Standard Organization. ISO 7730: Ergonomics of the Thermal Environment Analytical Determination and Interpretation
of Thermal Comfort Using Calculation of the PMV and PPD Indices and Local Thermal Comfort Criteria; British Standard: London,
UK, 2005.

American Society of Heating Refrigerating and Air-Conditioning Engineers—ASHRAE. Standard 55-2013, Thermal Environ-Mental
Conditions for Human Occupancy; ANSI/ ASHRAE: Atlanta, GA, USA, 2013.

Turkish State Meteorological Service. Available online: https://www.mgm.gov.tr/eng/forecast-cities.aspx (accessed on 22
September 2021).


http://doi.org/10.3390/en11092279
http://doi.org/10.1016/j.enbuild.2017.11.062
http://doi.org/10.1016/j.buildenv.2021.108141
http://doi.org/10.1016/j.scs.2019.101533
http://doi.org/10.1080/01430750.1996.9675211
http://doi.org/10.1016/j.buildenv.2010.05.003
http://doi.org/10.1080/00038628.2014.976538
http://doi.org/10.11113/jt.v78.9579
http://doi.org/10.1016/j.jobe.2020.101246
http://doi.org/10.1016/j.egypro.2017.09.390
http://doi.org/10.1016/j.enbuild.2019.04.044
http://doi.org/10.3390/buildings11070314
http://doi.org/10.1016/j.jobe.2019.100809
http://doi.org/10.1016/j.jclepro.2021.126010
http://doi.org/10.1016/j.rser.2017.08.083
http://doi.org/10.1016/j.apenergy.2010.07.030
http://doi.org/10.1016/j.enbuild.2021.110972
http://doi.org/10.3390/en12193661
http://doi.org/10.1016/j.energy.2021.120482
http://doi.org/10.1177/1744259109102799
http://doi.org/10.1007/s12273-012-0092-5
http://doi.org/10.21837/pmjournal.v16.i5.437
https://www.sketchup.com/
https://openstudio.net/
https://energyplus.net/
https://github.com/NREL/wex/wiki/DView
https://www.mgm.gov.tr/eng/forecast-cities.aspx

Energies 2021, 14, 6597 17 of 17

39.

40.
41.

42.
43.
44.

45.

Center for Build Environment-CBE Clima Tool. Available online: https://clima.cbe.berkeley.edu/ (accessed on 22 Septem-
ber 2021).

EnegyPlus Weather Data File. Available online: https:/ /energyplus.net/weather-search/istanbul (accessed on 25 July 2021).
Oral, M. In the Perspective of Republican Period the Problem of Identity and Aesthetics Quality on the Recent Mosque
Architecture-The Case of Konya. Ph.D. Thesis, Selcuk University, Konya, Turkey, 2006.

Onay, A. A study on grouping, classification and determination of employee needs of mosques in Turkey. J. Sak. Univ. Fac. Theol.
2007, 9, 77-122.

Turkish Standard. Turkish Standard 825; Thermal Insulation Requirements for Buildings; Turkish Standard: Ankara, Turkey, 2008.
European Standard. European Standard 16798-1; Energy Performance of Buildings—Ventilation for Buildings—Part 1: Indoor Envi-
ronmental Input Parameters for Design and Assessment of Energy Performance of Buildings Addressing Indoor Air Quality, Thermal
Environment, Lighting and Acoustics—Module M1-6; CEN: Bruxelles, Belgium, 2019.

Atmaca, A.B. Evaluation of the Religious Buildings in Terms of Thermal Comfort and Energy Consumption: Marmara Theology
Mosque and Hz. Ali Mosque as Cases. Master’s Thesis, Yildiz Technical University, Istanbul, Turkey, 2017.


https://clima.cbe.berkeley.edu/
https://energyplus.net/weather-search/istanbul

	Introduction 
	Materials and Methods 
	Introduction of Physical Characteristics and Determination of Base Scenario Properties 
	Other Scenarios Depended on Building Envelope Parameter Change 

	Results and Discussion 
	Effect of Material Properties Change in Base Scenario 
	Thermal Comfort and Energy Consumption of Base Scenario 
	Comparing to Energy Consumption Data of Other Design Scenarios 

	Conclusions 
	References

