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1. Introduction

The Urban Heat Island (UHI) effect continues to be a significant concern, contributing to uncomfortable urban
environments due to the accumulation of excess heat in cities. This phenomenon is primarily attributed to
urban surfaces such as asphalt, concrete, steel, and brick, which absorb and retain heat, raising ambient
temperatures. This leads to an increase in the demand for cooling energy in buildings, exacerbating
environmental degradation both locally and globally[1]. UHI effects can elevate cooling costs by 20—100% [2]
and are linked to various health risks, including thermal discomfort, respiratory problems, and increased
mortality rates[3]. The materials used in construction play a pivotal role in the intensity of UHIs due to their
specific thermal properties[4]. In response, adopting materials with high reflectivity and thermal resistance has
been proposed as an effective solution to mitigate UHI impacts[5].

Building materials, commonly found in urban areas such as concrete, brick, and metals, are known for their
high thermal mass, meaning they absorb significant heat during the day and release it slowly at night, which
exacerbates UHI [6]. However, historical buildings, often constructed with locally sourced materials, present
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an opportunity to explore their potential for reducing UHI effects. These buildings typically use materials that
are more in harmony with the local environment, offering insights for developing low-carbon cities [7].

Gunongan and Kandang are two historical structures located in Banda Aceh, Indonesia, dating back to the
early 1600s, during the reign of Sultan Iskandar Muda. Constructed primarily from limestone and coated with
white surfaces, these buildings are situated near the city center, a region prone to UHI. These heritage
buildings, despite being made from traditional materials, may have a significant role in moderating the
surrounding urban temperature. As seen in Figure 1, Gunongan (a) is an open structure with ten sides and three
levels, built from stone, sand, brick, and lime mortar, with intricate ornamentation on the corners. In contrast,
Kandang (b) is a square-shaped structure surrounded by a white limestone wall, which houses the grave of
Sultan Iskandar Thani. These structures have become iconic landmarks of Banda Aceh and, due to their unique
architectural features, might play an important role in influencing the local microclimate. Therefore, this study
aims to evaluate the thermal performance of Gunongan and Kandang, determining whether they contribute to
or mitigate the UHI effect.

(b)

Figure 1 Gunongan (left) and Kandang (right)
Urban Heat Island and the Impact to Banda Aceh City

Urban Heat Islands (UHIs) are primarily a result of urban morphology, such as building density and street
design [8][9]. Research has shown that various materials used in urban environments significantly influence
the temperature of both surfaces and the air in urban canyons [10]. Key contributors to UHI include (i)
anthropogenic heat and various other heat sources, (ii) the heat absorbed and reradiated by large urban
construction materials, and (iii) insufficient vegetated areas [11]. The urban landscape alters the natural balance
of heat, moisture, and airflow by generating significant heat from buildings, surfaces, and human activities,
contributing to an increase in air pollutants [12]. The consequences of UHIs include greater cooling energy
demand, discomfort due to elevated temperatures, increased ground-level ozone, and more widespread health
issues [11].

In this study, Banda Aceh city serves as a case study. Located 35 meters (115 feet) above sea level, with a
population of approximately 252,899[13], the city has experienced substantial urban expansion. Between 1998
and 2018, the built-up area grew by 100.32%, leading to higher urban temperatures (Figure 3a). This expansion
is driven by urbanization, particularly the increase in residential areas (Figure 2) [14]. The urban environment
absorbs and retains heat, which significantly contributes to the UHI effect. This urban development has been
shown to directly influence the rise in UHI [15]. As Figure 3b illustrates, temperatures in the built-up areas of
Banda Aceh are 35-38°C, which is approximately 9°C higher than in rural areas [16]. Although the heritage
site, including Gunongan and Kandang, constitutes a small portion of the city, it is situated near key
commercial and service areas, meaning the UHI impact is relevant even for these historical structures.
Therefore, this issue warrants urgent attention.
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Figure 3 The built-up area with the urban temperature [16]
Heritage Building and Urban Heat Island

Urban Heat Island (UHI) effects are exacerbated by climate change, negatively impacting the environment,
especially heritage buildings [2]. Cultural heritage has increasingly been recognized for its potential to
contribute to addressing climate change, a role that intersects with UHI impacts [17]. The excessive UHI
effects can pose a threat to historical structures, highlighting the need for strategies to mitigate these effects
[18]. At the same time, the materials used in heritage buildings also influence the surrounding environment.
Preserving these buildings is vital for the identity of a community and contributes significantly to its social
and psychological well-being [19].

Therefore, it is crucial for stakeholders, particularly government bodies, to assess the thermal dynamics of the
environments surrounding these historical structures. UHIs lead to thermal weathering of materials, which is
further intensified by variations in cloud cover and atmospheric dust. Reduced cloud cover and dust levels
increase both the diurnal temperature range and the amount of solar radiation hitting exposed surfaces, leading
to greater thermal stress on historical buildings [19]. To mitigate the UHI phenomenon, urban strategies must
focus on increasing green spaces, employing highly reflective and thermally resistant materials, reducing
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anthropogenic heat sources, and enhancing wind flow in urban canopies [2]. However, such solutions are
challenging to implement in cities with limited space for greenery, and in conservation areas, these measures
are further restricted by the need to preserve the historical integrity of heritage sites.

2. Method

Gunongan and Kandang are located in the central area of Banda Aceh, Indonesia, surrounded by major roads
and the Krueng Aceh River (Figure 4). The study conducted quantitative research by evaluating the outdoor
thermal conditions in the vicinity of these heritage structures. Several environmental parameters were
measured, including Air Temperature (Ta) in °C, Globe Temperature (Tg) in °C, Surface Temperature (Ts) in
°C, Relative Humidity (Rh) in %, and Air Velocity (Va) in m/s (Table 1). Data collection was done across 19
different points within the Gunongan and Kandang area. Additionally, surface temperature measurements were
recorded using infrared thermometers, and thermal images were taken of the building surfaces to further assess
the thermal conditions (Figure 4).
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Figure 4 The location of the measurement of environmental thermal performance

Table 1 Environmental parameters measured in the study

Parameter Tools Position of Tools
Air Temperature (Ta)°C
Globe Temperature (Tg) °C WBGT meter Outside of the building structure
(Figure 4)
Air Velocity (Va) m/s
Surface Temperature (Ts)°C  Infrared Thermometer Krisbow The building structures
KW06-280 (Figure 5 and Figure 6)

Image of surface temperature  Infrared Camera

Urban Heat Island (UHI) refers to the temperature difference observed between urban and rural areas [20]. In
this study, Gunongan and Kandang are located in the central part of Banda Aceh, close to key commercial,
office, and service areas. Figure 3 illustrates that the temperature in these areas ranges from 35°C to 38°C,
which is about 9°C higher than in rural regions. This temperature disparity confirms the presence of UHI
effects. However, rather than focusing on the difference between urban and rural temperatures, this study
examined the surface temperature (Ts) of the structures and surrounding areas. The goal was to assess the
impact of Gunongan and Kandang on the local environment. Surface temperature measurements were obtained
using an infrared thermometer. This device works by focusing infrared light emitted from an object onto a
detector known as a thermopile. When infrared radiation reaches the thermopile, it is absorbed and converted
into heat, which produces a voltage proportional to the energy. This voltage is then used to determine the
temperature, which is displayed on the screen.
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This study demonstrates the existence of the Urban Heat Island (UHI) effect and the discomfort in the outdoor
thermal environment, evaluated through the Mean Radiant Temperature (Tmrt). The calculations were based
on collected data, including air temperature (Ta), globe temperature (Tg), and air velocity (\VVa) using Equation
1. Tmrt is determined by surface temperature and is influenced by the building’s enclosure performance. As
the quality of surfaces improves, they absorb more heat, leading to a higher mean radiant temperature. Higher
Tmrt in urban settings results in more discomfort, contributing to the intensification of the UHI effect. The
calculation of Tmrt follows Belding's formula [21]:

Tmrt=Tg + 0.24Vax 0.5 (Tg — Ta) 1)

As Gunongan and Kandang are located in a tourist area, where visitors explore the buildings, their surrounding
outdoor thermal comfort was also assessed using the Physiologically Equivalent Temperature (PET). PET, a
crucial metric for evaluating outdoor thermal comfort, was calculated using Rayman software, taking into
account Ta, Tg, Rh, and Va. The measurements were recorded over two days, June 12th and 13th, 2022, from
8 am to 5 pm, at hourly intervals. The results were categorized based on the PET scale (Table 2).

Table 2. PET range [23]

PET (°C) Thermal Sensation
<14 Very cold
14-18 Cold
18-22 Cool
22-26 Slightly Cool
26-30 Neutral
30-34 Slightly warm
34-38 Warm
38-42 Hot
>42 Very hot

In this research, thermal images of the building structures were captured using an infrared camera, which
detects and measures the infrared radiation emitted by objects. The camera then converts this infrared data into
an electronic image that represents the apparent surface temperature of the object being analyzed. The thermal
images were taken at various locations to showcase the temperature differences across the surfaces of the
building, grass, and pavement (Figures 5 and 6).
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Figure 5 The Structure of Gunongan and the position of the measurement of the surface temperature
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Figure 6 The structure of Kandang and the position of the measurement of the surface temperature
3. Result and Discussion

Environmental Thermal Performance

The initial focus of this study was to assess the surface temperature of Gunongan and Kandang, as the surface
temperature plays a crucial role in the development of Urban Heat Island (UH]I) effects. The recorded surface
temperatures (Ts) of both structures over two days are shown in Figure 7. On Day 1, measurements began at
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14:00 due to missing data in the morning, while on Day 2, data collection took place from 09:00 to 17:00. On
Day 2, the surface temperature of both buildings increased from 11:00 to 16:00. Most surfaces showed Ts
values lower than the ambient air temperature, with many remaining below 32°C. However, certain surfaces,
such as Gunongan 3.a and Kandang 2.1, which face east and northeast, respectively, exhibited higher Ts due
to direct sunlight exposure during the morning hours (Figure 8). Similarly, surfaces facing the west and
southwest, such as Gunongan 10.a and Kandang 4.a, experienced elevated Ts levels in the afternoon due to
sunlight exposure (Figure 9). Additionally, the brick surfaces inside Kandang were recorded, and these surfaces
exhibited significantly higher Ts, reaching temperatures as high as 58°C, surpassing the ambient air
temperature.
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Figure 7 The environmental thermal performance of Gunongan, Kandang and the surroundings

Figure 7 illustrates that the limestone material used in the construction of Gunongan and Kandang effectively
helps in maintaining surface temperatures lower than the surrounding air temperature. The white surfaces of
both Gunongan and Kandang play a significant role in mitigating the Urban Heat Island (UHI) effect. White
surfaces are known to absorb less heat and reflect more sunlight, which scientifically contributes to reducing
heat in the surrounding environment[22]. Recent studies have shown that increasing the reflectivity of surfaces
can greatly impact temperature reduction, not only in urban areas but also in rural settings[24]. In contrast,
areas with darker materials absorb as much as 95% of solar radiation, leading to increased heat absorption and
consequently higher urban temperatures. This is clearly demonstrated in Figure 7, where the dark brick
pavement exhibits the highest surface temperature (Ts) of up to 58°C, while the air temperature (Ta) is 36°C.
The elevated Ts is not only due to the angle of the radiation striking the horizontal surface but also because of
the high thermal mass of the brick, which absorbs and retains heat.

Figure 8 presents thermal images of the eastern sides of Gunongan and Kandang, which are exposed to direct
morning sunlight. At 09:45, the surface temperature of Gunongan reaches 34.4°C, while Kandang’s surface
temperature is 34.5°C. In contrast, the western sides of the structures have significantly lower surface
temperatures, approximately 32°C (Figure 9). This supports the observation in Figure 7 that direct sunlight
exposure results in higher surface temperatures.

This study also highlights the importance of shading in lowering surface temperatures. Figure 10 demonstrates
that the surface temperature of the pavement peaks at 53.6°C at 13:27, but drops to 43.5°C by 17:28 when the
sun sets. While the grass surface remains cooler than the pavement, there is a noticeable difference in the
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surface temperature between shaded and unshaded areas of grass. The shaded grass registers at 30.9°C, while
the unshaded grass shows a temperature of 42.4°C (Figure 11).

12/06/22
09:45:34

(d)
Figure 8 The thermal image of Gunongan dan Kandang fagade facing east in the morning

(d)
Figure 9 The thermal image of the western side of the Gunongan in the morning

(b)
Figure 10 The thermal image of the Gunongan, Kandang and the surroundings
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Figure 11 The themal image of the surrounding grass surface (Loc.5)

The next analysis involves the Mean Radiant Temperature (Tmrt), which is calculated using Equation 1. As
discussed earlier, Tmrt depends on the values of Tg (Globe Temperature), Ta (Air Temperature), and Va (Air
Velocity). Figure 12 illustrates that Tmrt is very close to Tg in most instances. However, specific locations
within the Gunongan and Kandang area show variations. For instance, locations 1 and 17 have lower Tmrt
values compared to other areas. Location 1, situated to the southeast of Kandang, benefits from shading
provided by nearby palm trees, while location 17, located centrally in Gunongan, experiences shading due to
the structure itself (Figure 13). The highest Tmrt is recorded at location 10, which has a hard, unshaded surface,
followed by location 5, where grass is exposed to sunlight without shading.

oc
42.00
40.00

38.00
36.00
34.00
32.00
O O
28.00

c‘-”c‘f’ﬁo‘b&'@&@\?’\?é’\ﬁ"é\@@

(;"» (:)/ (:'b (fb‘
\/0 VO \,0 \,O \/0 \/O \,O \«0 \’O 00‘ (O (% (O (O \/o(;' \90' (O (O (O

NS O

N O

N O

N )

N O

N O

N O

%
ETg mTa ETmrt

Figure 12 The value of Tg, Ta, and Tmrt of the surrounding environment of Gunongan and Kandang

Figure 13 The center of Gunongan
Outdoor Thermal Comfort

The evaluation of outdoor thermal comfort was also conducted in this study. Although no significant
relationship was found between Urban Heat Island (UHI) mitigation and the improvement of thermal comfort,
a stronger correlation is observed when considering surface temperatures (Ts) as a key factor in UHI
mitigation. Lower surface temperatures are associated with improved thermal comfort [25]. Surface
temperature influences the Mean Radiant Temperature (Tmrt), which is linked to thermal comfort and is
assessed using the Physiologically Equivalent Temperature (PET). PET values are calculated with the Rayman
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1.2 software. In addition to air temperature (Ta), globe temperature (Tg), air velocity (Va), relative humidity
(Rh), and Tmrt, the amount of cloud cover and global solar radiation are also important factors. These
parameters were obtained from the climatology office of Banda Aceh. The cloud cover in the city ranges from
0.1 to 1.8 octas, while solar radiation levels vary between 450 and 1000 W/mz2,

In this study, the average PET (Physiologically Equivalent Temperature) values fell within the 'warm' category.
The lowest recorded PET was in the 'slightly warm' range, while the highest value reached the 'hot' range. Only
a few locations, such as Loc. 8, 16, and 17 (Figure 14), had PET values that were in the 'neutral' range. PET is
an important indicator of how humans perceive thermal comfort, making it a valuable measure for
understanding how visitors experience the thermal environment. The area under study lacks large trees, and
most of the surrounding surfaces are hard pavements and thin grass, with minimal shading. This lack of
adequate shading likely contributes to the slightly elevated Tmrt and PET values observed in these areas.

°c

5 PET range
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38 —~ I | I_ I - | | I I I I I I . _ |
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34
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30
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Figure 14 PET of each location measured in the study

This study confirms the presence of the Urban Heat Island (UHI) effect in Banda Aceh, as observed by Achmad
et al. [16], which is indicated by the temperature difference between the rural and urban areas. The heritage
buildings of Gunongan and Kandang, located near the center of Banda Aceh, are evaluated for UHI impact
based on surface temperature (Ts) and mean radiant temperature (Tmrt). As shown in Figure 12, air
temperature (Ta) has minimal impact on the globe temperature (Tg) and Tmrt. However, Tg closely follows
Tmrt, as Tg is a more representative measure of thermal comfort than Ta alone. Tmrt, which is influenced by
the surface temperature, is controlled by the properties of the building enclosures, with surface temperature
being a significant factor[26]. In this study, we observe that the white limestone of Gunongan and Kandang
results in a lower surface temperature compared to the air temperature, whereas the brick surfaces are
approximately 23K higher than Ta (Figure 7). The white limestone is particularly effective at reflecting heat
due to its high emissivity, and shaded areas, as well as those near the river (with its cooling effects), show
lower surface temperatures. Furthermore, the Ts of unshaded ground is 12K higher than that of shaded grass
surfaces. The thermal properties of limestone, as shown in Table 3, are similar to those of brick and soil.
However, due to the highly reflective nature of the limestone’s surface, it performs better in mitigating heat
absorption.

Table 3 Thermal properties of several mineral such as, limestone, soil, brick and concrete

Specific Heat Capacity = Thermal Conductivity

Material Density (Kg/m®) (/g K) (W/m.K)
Limestone 2750 840 1.3
Soil 2620 733 2.9
Brick 1800 800 1.31

Concrete 2400 1050 0.5
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This study also evaluates the outdoor thermal comfort using Physiologically Equivalent Temperature (PET).
Previous research has indicated that PET is strongly influenced by shading and air velocity [25]. Our findings
confirm the significant role of shading, with higher mean radiant temperature (Tmrt) correlating with higher
PET, as shown in Figure 15(a). Additionally, air velocity significantly affects thermal comfort, as faster air
speeds correspond to lower PET, as seen in Figure 15(b). Another key factor observed is the relationship
between Relative Humidity (Rh) and PET, where increased humidity results in a lower PET, as illustrated in
Figure 15(c). In tropical climates, neutral PET typically falls within the range of 26-30°C, meaning
environments should prioritize shading to reduce Tmrt and enhance Rh for better thermal comfort.
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Figure 15 The relationship of Tmrt, Va, and Rh toward the PET value
4. Conclusion

This study appraises the heritage building in Banda Aceh, i.e., Gunongan and Kandang, toward the impact of
Urban Heat Island. Gunongan and Kandang were built of limestone, sand, and lime mortar. The surface
temperature of Gunongan and Kandang are dominantly below the air temperature variously. While, the Ts of
the dark brick surface inside Kandang were much higher than others, up to 580C. This study also evaluated
the outdoor thermal comfort within the surrounding environment of Gunongan and Kandang indicated by PET
(Physiologically Equivalent Temperature). The average PET is 34 to 380C regarded as warm. This study found
that the white surface of the limestone building structure effectively maintained the Ts lower than the Ta,
which is very good for reducing the UHI. Through the mean radiant temperature (Tmrt) obtained from the
collected thermal parameters, this study indicates that the shade contributed to the lower urban temperature.
This study would be helpful for the government to conserve the heritage building since the local material
employed in the structure is friendly to the environment and minimizes the impact of the urban heat islands
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