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Abstract: In Taiwan, the daytime temperature usually exceeds 37 ◦C in summer, and the increase
in air-conditioning usage has led to higher energy demand, which brings a heavy burden to power
plants. The Kaohsiung House Project, undertaken by the city government, encourages the installation
of greening facilities in buildings, such as photovoltaic (PV) panels on rooftops and vertical gardens
on balconies, in order to preserve energy and reduce carbon emissions. In the present study, the
urban heat island effect and temperature distribution within the city was examined through the
establishment of 16 temperature measurement sites within a 7.5 km × 6 km area. A between-
site temperature difference of 2 ◦C was observed between April and August. Areas with higher
temperature are recommended to increase their green space ratio through the project. Moreover,
relocating PV panels in low-temperature areas increased the overall generation efficiency by 0.8%.
Through the analysis of the measured data, this study determined which areas were more appropriate
for green space expansion, and which would best serve for green energy generation, all with the aim
of improving external environmental comfort and maximizing carbon reduction. Recommendations
regarding the implementation of subsequent policies were issued and they provide reference for
implementation in other cities.

Keywords: urban heat island; solar energy; temperature measurement; urban greenery

1. Introduction

The Taiwan Green House Reduction and Management Act, which was passed in 2015,
stipulates that, by 2050, national greenhouse gas emissions will have decreased to 50% of
those in 2005. In recent years, the Taiwanese government has actively incorporated the use
of green energy in urban development plans. With the rapid progression of urbanization,
urban heat island effect has been observed in multiple cities. Large population, high build-
ing density, and busy traffic in these cities inevitably lead to the excessive accumulation
and poor dissipation of heat, directly affecting the quality of life. Moreover, the urban heat
island effect increases air conditioning usage in summer, which leads to continual increases
in urban energy demand and consumption [1]. Various research has proposed, mitigating
the urban heat island effect by different approaches [2,3] and reducing energy consumption
through the retention or creation of sufficient green space and areas of vegetation [4–9].
Green roofs are also effective for reducing the ambient temperature [10,11]. Community
policies that are related to green energy have not only been actively promoted in Taiwan;
in Japan, for example, the Fujisawa Sustainable Smart Town has installed photovoltaic (PV)
panels in all houses to supply energy for local residents [12].
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1.1. Greening and Energy Policies of the Kaohsiung House Project

Kaohsiung City is one of the oldest zones of major development in Taiwan. According
to the data made by the Ministry of the Interior in Taiwan (2018), the city ranks third in
population among the six special municipalities of Taiwan. The population density in the
city center is extremely high. This can be partially attributed to the ecological restoration
of Love River, and the expansion of the mass rapid transit system, which, in recent years,
has enabled the government to accelerate the development of areas in the periphery of
downtown.

The implementation of the Kaohsiung House Project, a green building initiative that
was undertaken by the city government, began in 2012. The principal foci are environmen-
tal sustainability, the showcasing of local characteristics, and resident health [13]. Through
the implementation of construction and design standards, evaluation indexes, and relevant
certification systems, the city government encourages the architects involved to incorpo-
rate local materials into the building design and take unique place characteristics into
account [14]. The project promotes the use of permeable foundations, deep verandas, green
roofs, and PV panels to ensure environmental sustainability and reductions in residential
temperature [15–18].

1.2. Calculation of Energy Generation from PV Panels and Its Relationship with Temperature

Studies have established that the environment exerts substantial effects on the poten-
tial for green energy generation. For example, Santiago et al. examined the effect of environ-
ments on generation efficiency by installing a temperature sensor on a (164.5 cm × 99 cm)
PV panel and measuring the temperature on its front and back surfaces. The panel was
also connected to an inverter in order to measure the actual energy output [19]. Previous
studies input the point cloud data of buildings into VOSTOK software to simulate the
reception and shading of solar radiation at each data point and the effect of solar radiation
on their generation efficiency [20,21]. Corea-Betanzo et al. explored the effect of ambient
temperature and wind speed on the generation efficiency of PV panels, reporting that the
efficiency improved by more than 10% when the wind speed reached 15 m/s [22]. Relative
ambient humidity and dust concentration also affect the generation efficiency of PV panels.
Specifically, dust particles reduce the exposure of PV panels to solar radiation, whereas
high humidity results in the formation of dew, which traps dust particles on the panel
surface [23].

Dubey et al. asserted that operating temperature is the main factor affecting the
generation efficiency of the PV modules [24]. By contrast, another study identified solar
radiation and panel temperature as the main factors [25]. Pinho and Galdino explored the
effect of radiation level and panel temperature on generation efficiency [26]. The module
generated 20 V of power when the solar radiation level was 200 W/m2 at the standard
temperature of 25 ◦C. When the panel temperature and solar radiation level were increased
to 75 ◦C and 1000 W/m2, respectively, the module generated 17.5 V of power, which was
4.5 V less than that when the temperature was 25 ◦C. This confirmed that increasing the
panel temperature reduces the amount of voltage generated.

Pan et al. used ambient temperature as the main variable for assessing the generation
efficiency of PV panels in the southern suburbs of Beijing. Specifically, they measured the
temperatures of the air, ground surface, and the panels themselves, and used regression
analysis in order to determine the correlation between ambient temperature and panel
temperature. They discovered that the PV panel temperatures derived from the ambient
temperature data was approximately that of the actual panel temperature (correlation
coefficient 0.88). This demonstrates that ambient temperature can be used to directly
estimate the temperature of a PV panel, calculate the temperature reduction coefficient,
and determine the generation efficiency [27]. The literature discussed thus far indicates
that high ambient temperature increases the temperature of PV modules, which, in turn,
detrimentally affects the generation efficiency. Therefore, the present study focuses on
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determining the temperature distribution in Kaohsiung and using the temperature data in
order to estimate the generation efficiency of PV panels in the city.

Temperature distributions can be established while using various methods. Honjo
et al. set up 200 sites for the measurement of temperature and relative humidity in urban
and suburban areas in the coastal and inland regions of Tokyo [28]. In their assessment
of the urban heat island effect in Taiwan, Lin et al. collected data by installing a tem-
perature recorder on a car and traveling along specific routes in Tainan, Kaohsiung, and
Hsinchu on sunny days [2]. Chen et al. divided Tainan into a grid of squares measuring
2.75 km × 2.75 km and installed monitors for temperature measurement across 100 sites in
areas of mixed land use [29].

Multiple factors affect the generation efficiency of PV panels. In the present study,
a temperature monitoring network was constructed in order to explore the effect of tem-
perature on PV panels’ generation efficiency.

1.3. Measurement of Urban Temperature Distribution

Temperature data were visualized while using graphs of distributions of urban temper-
ature, panel temperature, and temperature reduction coefficients. An interpolation method
was formulated and ambient temperature was calculated with reference from the data and
research methods that were used in relevant studies. Eldrandaly and Abu-Zaid explored
the accuracy of and differences between various interpolation methods in a geographical
information system (GIS), while using root mean square errors (RMSEs) to determine the
errors in the values derived through these methods, in order to address the autocorrelation
problem in temperature data collected from different measurement sites [30]. Among the
six interpolation methods, namely: inverse distance weighting; global polynomial inter-
polation; local polynomial interpolation; radial basis function kernel; Ordinary Kriging;
and, Universal Kriging, Ordinary Kriging and Universal Kriging yielded the most accurate
results. In their analysis of groundwater in Gilan Province in northern Iran, Seyedmoham-
madi et al. established 341 sampling sites. They used RMSEs to compare five interpolation
methods, namely: inverse distance weighting; global polynomial interpolation; local poly-
nomial interpolation; radial basis function kernel; and, Ordinary Kriging. Ordinary Kriging
yielded the smallest margin of error [31]. These results suggest that Kriging is the optimal
interpolation method for analyzing data that were collected from multiple measurement
sites.

The present objective was to collect temperature data and build a temperature distri-
bution graph of Kaohsiung. Taking the specifications of panel installation and roof and
balcony greening measures under the Kaohsiung House Project into account, the tempera-
tures in each administrative district of the city were compared. Recommendations for the
implementation of these measures in areas of high and low temperatures were provided.

2. Methods
2.1. Establishment of the Measurement Sites

This study made suggestions for the promotion of future policies through the evalua-
tion of the current implementation status of the Kaohsiung House Project. Figure 1 presents
the research framework. Notably, the Kaohsiung House Project was the first project in
Taiwan to promote the construction of green buildings with local urban characteristics.
Statistics on the green space built and the PV panels installed under the project have yet to
be compiled. Therefore, in the present study, these calculations were made while using
data from construction projects approved by the city government over the course of the
Kaohsiung House Project. A dense temperature monitoring network was established.
Interpolation was performed with the collected temperature data in order to graphically
present the city’s temperature distribution while using a GIS and, thereby, identify regions
with high and low temperatures. Data regarding the areas of major green spaces in Kaoh-
siung were sourced from the city government. These data, along with that of the green
spaces created and panels installed, were compared and overlaid with the temperature
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distribution graphs of high- and low-temperature zones to determine the areas in each
administrative district that demonstrate potential for the construction of green space or
green energy facilities as part of the project. The present results were shared with the city
government as a reference for the promotion of subsequent measures.
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at site E12, which was located in the Zhongdu Wetlands Park. 

 

Figure 1. Research framework.

The temperature monitoring network encompassed the areas of Kaohsiung targeted
for urban development. The total network area spanned 7.5 km × 6 km and covered
multiple landscapes, including mountainous periphery, high-population residential areas,
and river canals. In order to effectively measure the temperature in different regions,
the method that was employed by Chen et al. was adopted [32]. Specifically, the network
was divided into a grid with squares of 2.75 km × 2.75 km. Subsequently, 16 measurement
sites were selected from the grid. Sites D11 and D13 were located near Shoushan National
Nature Park (elevation 356 m), as shown in Figure 2. Sites E12 and E14 were on the left
bank of Love River. Sites F13 and H13 were located in Kaohsiung Main Station and along
the main traffic route, respectively. Figure 3 presents the measurement equipment installed
at site E12, which was located in the Zhongdu Wetlands Park.
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Figure 3. The measurement equipment (LOGPRO TR-32, Tecpel Co., Ltd.,New Taipei City, Taiwan)
installed at site E12 in the Zhongdu Wetlands Park.

The temperature measurement devices were installed on streetlight poles at a height of
2.5 m. In locations with no shade, they were calibrated before installation. The temperature
and humidity data measurements were taken once every 150 s (precision = ±0.5 ◦C) and 300
s, respectively, with two readings that were collected at a time and the average of the two
values being recorded as the measured value. The collected data were then downloaded
to a computer while using a universal serial bus device and stored in Microsoft Excel file
format.

Equipment setup at the 16 sites was performed between 24 March and 23 May 2018.
Meteorological data were collected between 23 May 2018 and 7 January 2019, a total of 289 days.

2.2. Interpolation

Kriging was selected as the interpolation method in the present study for the afore-
mentioned reasons. In spatial estimation, this method focuses on local analysis, accurately
presenting the spatial characteristics of local variables. Kriging is further divided into
Simple Kriging, Ordinary Kriging, and Universal Kriging. Ordinary Kriging is widely
used in various fields, because it yields unbiased, linear, highly accurate estimates [32].
Equation (1) presents the Ordinary Kriging formula [33]:

Ẑ(x0) = ∑n
i=1 λiz(xi) (1)

where:

Ẑ(x0) The estimated value at x0
z(xi) The observed value at xi
n The sample sizes
λi Kriging weight coefficient

Each weight coefficient was determined according to the distance between two sam-
pling sites. The sum of all the coefficients equals 1, as expressed in Equation (2):

∑n
i=1 λi = 1 (2)

In this study, Kriging interpolation was performed in ArcGIS. Equations (1) and (2) were
used in order to estimate the temperature at each site to create a temperature distribution
graph. RMSEs were used to determine the optimal calculation formula in Geostatistical
Wizard. Table 1 lists the configuration of the parameters that were used for interpolation.
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Table 1. Geographical information system (GIS) interpolation parameter settings.

Parameter Setting

Type of Kriging method Ordinary Kriging
Output surface type Prediction

Variance function/covariance Covariance
Model type Hole Effect

Type of neighbor Smooth
Kriging weight According to the location of each measurement site

2.3. Calculation of the Power Generation Rate of PV Panels

The in-depth review of related literature indicated that ambient temperature and solar
radiation are crucial factors in assessing the generation efficiency of PV panels. These
two factors can be used in order to calculate the temperature and thermal energy of a PV
module. In simulations, ambient temperature and solar radiation per unit area can be
used to derive the module temperature and assess the generation efficiency of PV modules,
as presented in Equation (3) [34], which is commonly used to estimate the temperature of
PV modules:

Tm = Tamb + (NOCT − 20)× E/800 (3)

where:

Tm Module Temperature
Tamb Ambient Temperature
NOCT Nominal Operation Cell Temperature
E Irradiance in W/m2

Hu et al. performed measurements of direct normal irradiance, ambient temperature,
and relative humidity on a sunny summer day in order to explore the simulation accuracy
of a solar power system [35]. Solar radiation and ambient temperature exhibited similar
hourly distribution trends, which indicated that they were related. Ambient temperature,
as measured through Equation (4), was used to assess the generation efficiency of the PV
panels in the present study. Previous research used this equation to measure ambient
temperature over the course of one year and determine its relationship with PV panel
temperature [27]:

Tcell = 1.07 × Tair + 6.12 (4)

where:

Tcell PV panel temperature
Tair Air temperature

The temperature of a PV panel determines the extent of reduction in energy generation
efficiency. The temperature reduction coefficient CT denotes the effect of operation temper-
ature on generation efficiency. Therefore, Equation (5) was devised for demonstrating this
effect [27]:

CT = (Tcell − T0)× r (5)

where:

CT Temperature reduction coefficient
Tcell PV panel temperature
T0 Standard Operating Temperature (25 ◦C)
r Temperature effect coefficient

The temperature effect coefficient r varies depending on the specifications of PV mod-
ules that are produced by different manufacturers, as well as the materials and techniques
that are used in the manufacturing process. In previous studies, this coefficient was deter-
mined to be −0.4% [27]. The PV panel temperature (Tcell) can be derived from Equation (4);
next, Equation (5) can be used in order to determine the percentage of power generation
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loss. This indicates that, when the module temperature exceeds 25 ◦C, each increment of
1 ◦C reduces the generation efficiency by 0.4% [27].

2.4. Calculation of the Area of the Existing Green Space in Kaohsiung

The coverage area and sufficiency of the existing green space in Kaohsiung was first
determined in order to examine the effects of greening on the alleviation of the urban heat
island effect. Land use classification data was acquired from the National Land Surveying
and Mapping Center. The data on land classified as parks, green spaces, and plazas were
used as the background data representing the total area of green space in the city. These
data were then used to extract GIS (Figure 4) in order to calculate the total area of green
space in each administrative district. The area of green space and the total area of land
in each administrative district comprised the numerator and denominator of the green
space ratio, respectively. Notably, Gushan District encompassed Shoushan National Nature
Park, where both the building and population density is low. Because the park, which
constitutes a large area of green space, is generally not considered to be a part of the city,
it was excluded from the calculation of the green space ratio.
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3. Results and Recommendations
3.1. Survey Results of Green Space Creation and PV Panel Installation under the Kaohsiung House
Project

The construction projects that were approved under the Kaohsiung House Project
between 2015 and 2018 were subjected to analysis, and the areas of green space and PV
panel installation during this period were determined. The construction project data were
used to identify the areas where green space would be created and power generation
devices installed, respectively, in each construction stage. The measurement sites, which
were located in the six major administrative districts of Kaohsiung, spanned the area of
117 construction projects. Figure 5 presents the spatial distribution of the construction
projects that were completed over the course of the Kaohsiung House Project. Table 2
lists a compilation of the total area of green roofs, green balconies, and PV panels that
were installed in each district. The panels in question were regular panels supplied by
five Taiwanese manufacturers. The calculations indicated that, on average, a panel area of
8.01 m2 was necessary for generating 1 kW of power.
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Table 2. Area of PV panel installation and greening space in each administrative district.

Administrative District Estimated Area of PV Installation (m2) Area of Rooftop Greening (m2)

Sinsing District 0.00 149.26
Lingya District 557.18 4459.98
Cianjin District 219.67 1055.68
Sanmin District 338.98 4299.27

Yancheng District 0.00 29.99
Gushan District 809.01 5389.13

Total 1924.84 15,383.31

Figure 6 displays the proportion of the areas of rooftop greening and PV panel in-
stallation to the total area of each administrative district. Gushan District had the highest
proportions of both (35% and 42%, respectively). The proportion of the area of PV panel
installation to the total area of Lingya District, 29%, was fair. Because the number of
construction projects in Sinsing District and Yancheng District was low, the proportions of
areas of rooftop greening and panel installation were also low. In sum, the total area of PV
panels increased by 1924.84 m2, which indicated that the area of PV panels in Kaohsiung
will continue to increase under the Kaohsiung House Project.
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3.2. Analysis of Measurement Data

Analysis was conducted on the temperature data that were collected between 25
March 2018 and 18 January 2019. This period spanned both summer and winter and
was, therefore, sufficient for examining Kaohsiung’s meteorological patterns. Because
temperature is affected by factors, such as precipitation, wind speed, and cloud coverage,
data on the daily precipitation amount, precipitation duration, and the hours and rate of
insolation collected by a primary monitoring station in Kaohsiung (station code: 467440)
was used as a reference. A sunny day was defined as having no precipitation and an
insolation rate of at least 80% [36]. Under these criteria, 45 days during the hot season
over the 289-day sampling period were considered to be sunny and subjected to further
analysis. The hot season was defined as the period between April and August during which
the highest temperatures were recorded. In order to determine the hourly temperature
distribution trend, the hourly temperature data and the data on temperature differences
among all of the measurement stations were compiled.

Figure 7a presents the maximum temperature (TM), mean temperature (i.e., the aver-
age of all temperature readings collected at the specific hour), and minimum temperature
(Tm) at each hour of the day. In descending order of temperature, Ta95 and Ta5 indicated
the temperatures at the 95th and 5th percentiles, respectively, at which outliers were identi-
fied. The analysis revealed that the mean city temperature began increasing at 6:00 a.m.,
exceeded 30 ◦C between 8:00 a.m. and 5:00 p.m., with a highest temperature of 32.1 ◦C be-
ing recorded at noon. Lower temperatures were observed between 6:00 p.m. and 5:00 a.m.,
with the lowest temperature of 26.7 ◦C recorded at 5 a.m. The day–night temperature
difference was 5.4 ◦C.

In general, urban heat island intensity is defined as the difference between the highest
temperature that was measured in the urban area and the lowest temperature measured in
the suburbs around the city [37]. Accordingly, the differences between the maximum and
minimum temperatures in Figure 7a were calculated in order to determine the urban heat
island intensity of Kaohsiung. TM−m denotes the difference between the maximum and
minimum temperatures at each hour, as depicted in Figure 7b. The difference between the
temperatures at the 98th and 2nd percentiles and between those at the 95th and the 5th
percentiles is denoted by ∆T98−2, and ∆T95−5, respectively.

Low urban heat island intensity was observed between 9:00 a.m. and 2:00 p.m.
The minimum TM−m value of 2.0 ◦C was recorded at 1:00 p.m., which indicated that
temperatures were comparably high across all the areas. Between evening and midnight,
the temperature difference increased gradually, with the maximum difference of 3.4 ◦C
being recorded at 5:00 a.m. In other words, the stronger intensity indicated that the urban
heat island effect was more notable at night.
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3.3. Temperature Distribution and PV Panel Power Generation Reduction

The Geostatistical Wizard was used in order to optimize the parameter configurations
and the types of data curves for Kriging interpolation (Table 1). Figure 8a presents the
interpolation results of the mean temperature distribution during the hot season. The areas
where the urban heat island effect was present are clearly observable. Sites E11, E12, and
E13 constituted a boundary that separated the high- and low-temperature regions. Mean
temperatures at sites F12, H13, and G13 (Kaohsiung Main Station, Jianguo Second Road,
and Liuhe Road, respectively), which were located in the city center, collectively exceeded
30 ◦C; hence, they were classified as high-temperature regions. Sites D11, E12, and E11
(Shoushan National Nature Park, Zhongdu Wetlands Park, and the Kaohsiung Museum
of Fine Arts, respectively) were classified as low-temperature regions. The temperature
difference between the high- and low-temperature regions was 2 ◦C.
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The collected temperature data were used to estimate the generation efficiency of each
panel in order to evaluate the effect of ambient temperature distribution on PV panels.
In addition, the panel temperature and temperature reduction coefficients during the hot
season were derived. The temperature data were substituted into Equation (4) to determine
the panel temperature at each site. Next, interpolation was performed in order to map the
distribution of panel temperature across the city. The panel temperature in the city center
exceeded 38 ◦C, whereas that of low-temperature regions, such as site E11, remained under
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37 ◦C, as illustrated in Figure 8b. Overall, the pattern was similar to that of the ambient
temperature.

The temperature data were substituted into Equation (5) to determine the tempera-
ture reduction coefficient CT in order to assess the potential of solar power generation in
the city and compare the generation efficiency in the high- and low-temperature regions,
as presented in Figure 8c. In the urban area of Kaohsiung, without considering other mete-
orological factors and the efficiency of solar panels, the temperature reduction coefficient
in the higher temperature areas of the city is estimated to be −5.4%, which means that
solar panels that were installed in high-temperature areas will lose power generation effi-
ciency by 5.4% due to temperature factors. In the low-temperature regions, the reduction
coefficient was −4.6%, and the generation efficiency was accordingly higher. Relocating
all of the PV panels installed in the high-temperature regions under the Kaohsiung House
Project to low-temperature regions could increase the overall generation efficiency by 0.8%.

The spatial distribution map of the construction projects completed under the Kaohsi-
ung House Project was overlaid with the reduction coefficient distribution map to deter-
mine whether solar power generation was effectively promoted, according to Figure 8c. Of
the 117 construction projects, 23 involved PV panel installation. Eight of these construction
projects were near site G12, which was located in a high-temperature region, and six were
near sites D11 and E11, which were located in low-temperature regions. The overall 5%
reduction in generation efficiency can be attributed to the fact that one-third of the panels
installed were located in high-temperature regions.

3.4. Greening Achievements in Kaohsiung

The spatial distribution of plazas and green space in each administrative district
(Table 3) was ascertained while using the GIS data on land use and statistics on green space
from 2013 and 2018 provided by the Kaohsiung City government. Of the six administrative
districts, Sinsing District had the lowest greening ratio of 1.8%, followed by Gushan District
at 2.0%. However, Gushan District was still considered to be a low-temperature region; its
low greening ratio can be ascribed to the fact that the mountainous region of the district
(Shoushan National Nature Park) was excluded from the calculation. Yancheng District,
which has the highest greening ratio at 10.4%, has a green area of 161,381 m2 containing
cultural parks, riverside green spaces, and green corridors. Although Sanmin District and
Lingya District also had large areas of green space, they were fragmented over a large area
that did not encompass the hotter locations in the city.

Table 3. Area of public green space in each administrative district. (data from Kaohsiung City government in 2018).
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Administrative
District

Area of Public
Green Space (m2) Green Space Ratio (%)

Sinsing District 44,212 1.77
Lingya District 825,669 10.15
Cianjin District 198,727 8.83
Sanmin District 701,425 4.18

Yancheng District 161,381 10.38
Gushan District 411,800 2.00

Total 2,343,214 3.49

As mentioned, in order to explore the increase in green space under the Kaohsiung
House Project, the greening areas planned in the construction projects approved under
the Kaohsiung House Project were overlaid with the existing green space. The dark green
space shown in Figure 9 denotes the expected increase in the green space ratio of each
administrative district in the next three years. The results indicate that, under the ongoing
realization of the Kaohsiung House Project, the increase in the green space ratio in the



Sustainability 2021, 13, 960 12 of 16

districts of Sinsing, Lingya, Cianjin, Sanmin, Gushan, and Yancheng will be of 0.06%,
0.17%, 0.20%, 0.20%, 0.25%, and 0.01%, respectively. The small projected increase for
Yancheng District can be explained by the fact that its existing green space spans a large
area. Regarding the existing green space in Kaohsiung in general, Figure 8a shows that site
F13 (Sinsing District) and sites F12 and G12 (Sanmin District) have higher temperatures, and
the distribution graph indicates that the green spaces in these areas are fragmented, also
small, or both. In other words, the projected growth in green space under the Kaohsiung
House Project is insufficient for alleviating the urban heat island effect in these regions.
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Figure 9. Increase of green space ratio in each administrative district after the implementation of the
Kaohsiung House Project.

3.5. Recommendations for PV Panel Installation and Green Space Planning under the Kaohsiung
House Project

Temperature affects the generation efficiency of PV panels in cities. High temperature
reduces the generation efficiency, whereas low temperature increases it, according to the
temperature reduction coefficient equation. In order to ensure that the PV panels that
will be installed under the Kaohsiung House Project can achieve the maximum gener-
ation efficiency, despite the notable citywide difference in temperature, the hot season
temperature distribution graph was segmented according to the administrative boundary
of each district. The mean temperature of each district was determined and examined
with the areas of the green space created and PV panels that were installed under the
project. In Figure 10a,b, the yellow line denotes the mean temperature of each district.
Figure 10a shows the mean temperature and area over which PV panels were installed
in each district. Figure 10b presents the mean temperature and area of green space con-
structed in each district. Sinsing District and Lingya District were the hottest regions, with
mean temperatures exceeding 30.7 ◦C, as shown in Figure 10a. Gushan District had the
lowest temperature recorded among all of the districts (29.9 ◦C) and was, thus, considered
to be a low-temperature region. Districts Cianjin, Sanmin, and Yancheng had moderate
temperatures that averaged to approximately 30.5 ◦C.
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Figure 10. (a) Mean temperatures and area over which photovoltaic (PV) panels were installed in each district; (b) mean
temperature and area of green space in each district.

Some recommendations for the future installation of PV panels and the construction
of green space under the Kaohsiung House Project are presented as follows.

First, Figure 10a indicates higher temperatures in Sinsing District and Lingya District,
which means that they are less suitable for PV panel installation. Currently, no plans
for panel installation in Sinsing District, where the urban heat island effect can be better
alleviated through greening facility construction, have been made. The panels that were
planned for installation in Lingya District should be relocated to low-temperature regions,
because its high temperatures would reduce their efficiency. The area of the green space in
Sinsing District and Yaling District, which are both located in the city center, is insufficient
for temperature reduction. Therefore, these districts should focus on increasing the area of
rooftop and balcony greening to reduce the urban heat island effect.

Second, low-temperature regions, such as Gushan District, should increase the area of
panel installation. Figure 10b indicates that the area of PV panels and greening facilities
in Gushan District will be increased. In order to improve the overall generation efficiency
of the panels across the city and prevent a district from becoming the next urban hot spot
amid continual land development, panel installation should be prioritized and green space
creation should be considered to be a compulsory complementary measure. Moderate-
temperature districts are encouraged to emphasize both panel installation and green
space construction. The temperature distribution graph that is presented in Figure 11
can also be used to plan the subsequent installation of panels and greening facilities
under the Kaohsiung House Project. With temperatures of approximately 29.8 ◦C to
30 ◦C, Region I should prioritize the construction of green space; with temperatures of
approximately 29.3 ◦C to 29.8 ◦C, Region II should focus on both panel installation and
green space construction. With temperatures under 29.3 ◦C, Region III should prioritize
panel installation.
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Figure 11. Regions for which photovoltaic panel installation and green space creation are recom-
mended

4. Conclusions

Environmental sustainability constitutes a developmental focus for numerous coun-
tries. Urban greening can alleviate the urban heat island effect and, thereby, prevent
excessive energy consumption. The use of green energy is an effective measure for reduc-
ing carbon emissions. The Kaohsiung House Project aims to mitigate urban heat islands
in Kaohsiung and makes sources of green energy readily accessible. The 16 temperature
measurement sites that were established across the city in March 2018 collected temperature
data over 289 consecutive days. The collected data were screened and then subjected to
Kriging interpolation to plot a map of temperature distributions in Kaohsiung during the
hot season. Panel temperatures and temperature reduction coefficients were derived from
the equation that was proposed by Pan et al. [27].

The main conclusions are as follows:
First, a difference of 2 ◦C between temperatures in the six administrative districts

during the hot season (April–August) was observed. The area surrounding Kaohsiung
Main Station has relatively high temperatures, whereas Zhongdu Wetland Park and the
nearby Shoushan National Nature Park have relatively low temperatures. The analysis of
the temperature monitoring network, the data of which can be used in order to assess the
generation efficiency of PV panels that were installed across a large area of the city, revealed
that the reduction coefficient in high-temperature regions reached −5.4%. Relocating the PV
panels in these regions to Gushan District could enhance the overall generation efficiency
by 0.8%.

Second, the increase in green space area under the Kaohsiung House Project will result
in a notable increase in the overall green space ratio across the six districts. The overlay
of the green space constructed under the project and existing major areas of green space
indicated that the continual implementation of the project would increase the green space
ratio by 0.06%, 0.17%, and 0.20% in districts Sinsing, Lingya, and Sanmin—regions with
relatively high temperatures—respectively.

Third, regarding the planning direction for PV panel installation under the Kaohsiung
House Project, this study analyzed the mean temperatures and areas for panel installation in
each district. Gushan District had the lowest temperature. Therefore, the overall generation
efficiency can be maximized by increasing the area of PV panels that were installed in this
district. Sinsing District and Lingya District had relatively high temperatures and, thus,
lower generation efficiency than that of Gushan District. Moreover, the area of the existing
green space in these districts is insufficient. Therefore, project implementation should focus
on rooftop and balcony greening in order to reduce the overall temperature and urban
heat island effect. The areas surrounding site E12, Zhongdu Wetland Park, are effective



Sustainability 2021, 13, 960 15 of 16

in reducing the overall city temperature. PV panel installation and green space creation
should both be prioritized to prevent exacerbation of the urban heat island effect caused by
overdevelopment.

Finally, the present study used the temperature distribution data that were collected
from each measurement site as a basis from which to make recommendations for the
subsequent installation of green energy generation facilities in each administrative district.
The findings can serve as a reference for the implementation of similar greening projects in
other cities aimed to increase energy efficiency, reduce carbon emissions, and improve the
outdoor thermal comfort.
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