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ABSTRACT

Geothermal energy, being a renewable energy source with the potential to reduce greenhouse gas emissions, has gar-
nered significant international attention. In contrast to previous research primarily focused on the geological and nat-
ural scientific aspects of geothermal resources, this study adopts a perspective from the humanities and social sciences.
The study delves into examining the correlation between geothermal development and human geography in Western
Pacific countries: Japan, Indonesia, the Philippines, and Taiwan. These countries, located in geothermally active
zones, offer compelling case studies for unraveling this relationship. Four representative factors, namely population
density, Gross Domestic Product (GDP), land prices, and transportation, have been selected for analysis. By utilizing
geographic information systems (GIS), correlation coefficient formula, and questionnaire surveys (in the case of Tai-
wan), the research investigates the spatial distribution and conducts quantitative analysis of the correlation. The pri-
mary objective of this research is to enhance the understanding of the present condition and trends in geothermal
development within Western Pacific countries. It underscores the significance of incorporating local human geograph-
ical considerations during the formulation and execution of geothermal energy plans.

Introduction

With global climate change, the United Nations Climate Change Conference of the Parties (COP26) held in 2021
witnessed the signing of the Glasgow Climate Pact by many countries. This agreement calls for comprehensive and
sustained reduction of global greenhouse gas emissions, gradual phase-down of coal-fired power generation, and
phasing out subsidies for fossil fuels. The ultimate goal is to achieve net-zero emissions around 2050 (Pact, 2021). In
light of these efforts, the adjustment of energy structures becomes an inevitable challenge, and the utilization of re-
newable energy is a crucial factor in the energy transition process. Renewable energy, which includes solar energy,
wind energy, geothermal energy, and biomass energy, plays a significant role in this transition. Among them, "geo-
thermal energy" is capable of providing stable base-load power (Tester et al., 2006) and has lower impacts on human
health and ecological environment (Hertwich et al., 2016). As a result, this power from the earth's core has gained
significant attention in recent years from various countries.

Geothermal resource development requires initial exploration to confirm factors such as depth, temperature,
and geological structure for estimating its reserves, thus establishing a strong correlation with geology (Wang et al.,
2019). However, when considering the entire lifecycle of geothermal development, it is not solely dependent on nat-
ural geological factors. From the early stages of resource exploration to the later phases of power plant construction
and operation, there are connections with human geographical factors (Wang et al., 2019). After all, geothermal de-
velopment is a long-term and high-cost investment, and the suitability of human and geographical aspects will directly
or indirectly impact development outcomes. Nevertheless, the existing literature on the relationship between geother-
mal development and human geographical factors remains scarce, with the limited studies mostly focused on policy
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and technical aspects. Hence, this study examines four human geographical factors: population density, GDP, land
price, and transportation, with Japan, Indonesia, the Philippines, and Taiwan (the author's background) as the target
research regions.

Japan, Indonesia, and the Philippines all have well-established operational geothermal power plants. Taiwan
possesses nine areas with higher geothermal potential and three operational geothermal power plants. The research
methodology involved using QGIS software to overlay the geothermal power plant locations with human geographical
attribute data (population density, GDP, land price, and transportation) to visualize their spatial distribution and ana-
lyze their correlation coefficients. The research results showed that in Japan, the local geothermal development ex-
hibited a negative correlation trend with the aforementioned human geographical factors. Conversely, in Indonesia
and the Philippines, the local geothermal development showed a positive correlation trend with population density,
GDP, and land price. Additionally, the results from the questionnaire survey on Taiwan's geothermal development
demonstrated that transportation was the most positively correlated factor among the four factors. This is because
convenient transportation contributes to the progress of geothermal exploration, construction, and maintenance activ-
ities. The analysis results of this research aim to compare neighboring countries in the Western Pacific, illustrating the
impact of human geographical aspects on geothermal development. It provides valuable reference data for industry
investments in geothermal projects, government initiatives in promoting geothermal development, and public con-
cerns regarding geothermal issues.

Literature Review

Geothermal power generation possesses advantages such as stability, high efficiency, and low pollution, making it
one of the most forward-looking energy sources, especially with the increasing demand for renewable energy (Li et
al., 2015). Countries located in the Western Pacific Ring of Fire have abundant geothermal resources due to volcanic
activities and tectonic compression, as shown in Table 1.

Table 1. Estimated geothermal resource

Country Potential Geothermal Resource Amount (MW) Global Ranking
Indonesia 27,790 2
Japan 23,470 3
Philippines 6,000 5
Taiwan 989 -

Data source: Agency for Natural Resources and Energy (2016); Liu et al. (2012)

This article first reviews the geothermal development in Japan, Indonesia, the Philippines, and Taiwan, which
are situated in the Western Pacific Ring of Fire. Japan reemphasized geothermal power generation after the Fukushima
nuclear power plant incident (Taghizadeh-Hesary et al., 2020). However, it still faces challenges related to natural
park regulations, costs, development risks, and social acceptance (Yasukawa, 2019). In Indonesia, geothermal devel-
opment has been hindered by underdeveloped infrastructure and price competitiveness, but it has received support
from international development agencies in recent years (Chelminski, 2022; Yudha et al., 2022). In the Philippines,
larger-sized and higher-quality geothermal resources have already been discovered and developed. The current focus
is on the development of secondary resources (Yasukawa & Anbumozhi, 2018). In Taiwan, geothermal development
has experienced fluctuations but has been gradually recovering in recent years, with site selection, technology, and
regulatory support being key factors (Chung, 2020).
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Furthermore, this article conducts a review of literature related to four human geographic factors, population density,
GDP, land prices, and transportation:

1. Population Density: It is an indicator of how concentrated the population is in a region, which may influence
the feasibility and social acceptance of geothermal energy development. Wang et al. (2021) in Taiwan con-
sider population density as an important factor in geothermal site selection because of Taiwan's high popu-
lation density and limited available land, which cannot be ignored in its impact on geothermal development.
In a study conducted in Japan, Hymans and Uchikoshi (2022) examined site selection and argued that if
Lesbirel (1998) is correct in stating that land availability is a critical factor driving energy project siting, then
a decrease in population density in a region might also present opportunities for energy project construction.

2. GDP: It is a crucial indicator of economic development and reflects the region's financial and technological
capabilities for geothermal energy development. Yudha et al. (2022) point out that technical, financial, and
infrastructure issues in Indonesia may affect investors' willingness to invest in geothermal energy projects.
In the case of the Philippines, there is an emphasis on the need for the development of new technologies,
along with an increase in subsidies and funding, to support the development of secondary resources
(Chelminski, 2022). Both of these studies show that geothermal development in economically higher regions
in Indonesia and the Philippines has more advantages.

3. Land prices: Land prices are an important indicator of land value, which may affect the cost of geothermal
energy development. Although there is no direct literature related to land prices, indirect studies suggest that
the location of geothermal resources in countries like Japan and Indonesia, which have a high proportion of
geothermal resources within national parks or nature reserves, might indirectly influence the relationship
between land prices and geothermal development (Lu et al., 2021).

4. Transportation: Transportation accessibility is a crucial human geographic factor that may influence the ge-
othermal energy development. In Taiwan, Weng et al. (2021) state that transportation accessibility is a nec-
essary condition for geothermal development, as exploration and operation rely on transportation coordina-
tion, and a well-developed transportation network can facilitate the transportation of resources and equip-
ment.

The results of these literature reviews indicate that there are relationships between geothermal development and human
geographic factors. Understanding and analyzing these interactions will aid in formulating more effective strategies
for geothermal energy development and promoting sustainable energy development.

Methodology

Data Collection

This study collected data on administrative divisions, population density, GDP, land prices, and geothermal power
plants in the target regions from the sources indicated in Table 2. Since the Taiwanese government does not disclose
the GDP of each administrative division, average disposable income per capita was used as an indicator of economic
development. Additionally, land appraised values, as announced by the Taiwanese government, were used as an indi-
cator of land prices.
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Table 2. Data collection sources

Factor Country Website
Japan
administrative boundary Indonesia The Humanitarian Data Exchange
The Philippines
Japan Municipalities of 47 prefectures
population density Indonesia ) )
. City Population
The Philippines
Statistical Table (Prefectural Residents' Eco-
Japan . .
nomic Calculations)
GbP Indonesia Gross Regional Domestic Product
The Philippines Philippine Statistics Authority Open STAT
Japan Land Prices in Japan
land price Indonesia Land Price per Meter in Jabodetabek
The Philippines Land for Sale in the Philippines
Japan
geothermal power plant locations and | Indonesia Think GeoEnergy
installed capacity The Philippines
Taiwan Geothermal Data Platform
administrative boundary
population density
) ) ; Taiwan Government Open Data Platform
average disposable income per capita
land appraised value

Spatial Distribution Analysis

In this study, the Quantum Geographic Information System (QGIS) was used to stratify the attribute data of population
density, GDP, and land prices for the administrative divisions of each country. The results were visualized using a
choropleth map, which applies color shading based on the strata (Ujaval Gandhi, 2023). The locations of geothermal
power plants were then overlaid on the map to understand their spatial distribution within the research targets' human
geography factors.

Regarding transportation, the study utilized the Travel Time plugin in QGIS to calculate the area that can be
reached within a 30-minute drive from each geothermal power plant. This concept is known as isochrones, which
represent the areas that can be reached within a specified travel time constraint. Isochrones provide an indication of
the transportation convenience level in a given area, to a certain extent (Louisa Bainbridge, 2021).

Correlation Quantitative Analysis
The Pearson product-moment correlation coefficient, or correlation coefficient for short, is used to measure the degree

of linear correlation between two variables. The formula for the correlation coefficient is the covariance of the two
variables divided by the product of their standard deviations.
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https://data.humdata.org/
https://uub.jp/cty/
https://www.citypopulation.de/
https://www.esri.cao.go.jp/jp/sna/data/data_list/kenmin/files/files_kenmin.html
https://www.esri.cao.go.jp/jp/sna/data/data_list/kenmin/files/files_kenmin.html
https://katalog.data.go.id/dataset/seri-2010-produk-domestik-regional-bruto
https://openstat.psa.gov.ph/PXWeb/pxweb/en/DB/DB__2B__GP__RG__GRD/0012B5CPGD1.px/?rxid=5aa9ee16-5ebe-48ee-b909-3e3cbea1032e
https://tochidai.info/tw/
https://www.rumah.com/panduan-properti/harga-tanah-per-meter-61750?fbclid=IwAR2xa5elZy7ZPvBl7gyKJcSz5BTcHl8hHXcdWllXnaSMJ7PhdL5T1JzO0Yw
https://www.dotproperty.com.ph/land-for-sale?fbclid=IwAR2_suimRFXn-R-GTWoAKG72MBB8swvO3sBLYYNNmV3sHi91GcvwhKPAtFU
https://www.thinkgeoenergy.com/map/
https://www.geothermal-taiwan.org.tw/GIS
https://data.gov.tw/
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Equation 1: Correlation coefficient formula:

cov(X,Y) X=X -Y)

Ox Oy — 542
1’ 7i1=1(Xi - X)Z ,, ?:1(Yi - Y)

Where n is the sample size, X; and Y; represent individual samples indexed by i, and X and ¥ denote the mean of the

Pxy =

samples.

In this study, we aim to investigate the association between the level of local geothermal development and
variables such as population density, GDP, land prices, and transportation. The capacity of geothermal installations
serves as a crucial indicator of the level of geothermal development. Generally, larger geothermal capacity implies a
higher level of geothermal development. Therefore, in this study, we quantify the level of geothermal development
using the total capacity of geothermal installations in the respective areas.

Questionnaire Survey

Due to Taiwan's current early stage of geothermal development and utilization, there are only three geothermal power
plants in commercial operation. Using correlation coefficients alone cannot objectively demonstrate the correlation
between the level of geothermal development and human geographical factors. Therefore, a questionnaire survey was
conducted, targeting 26 participants including geothermal developers and relevant stakeholders involved in commer-
cial geothermal operations in Taiwan. The survey aimed to gather their perspectives and evaluations regarding popu-
lation density, economic development, land value, and transportation convenience as factors to consider.

Results and Discussion

Spatial Distribution Analysis of Japan, Indonesia, and the Philippines

Using the QGIS software, we visualized the spatial distribution by overlaying the geothermal power plants in Japan,
Indonesia, and the Philippines with the human geographical factors discussed in this study. Additionally, we ranked
the values of human geographical factors (population density, GDP, and land prices) within each country's adminis-
trative regions and calculated the average ranking percentage for the administrative regions where the geothermal
power plants are situated. The ranking percentages are shown in Figure 1, and the visualized results are presented in
Figures 2, 3, and 4.

In terms of population density, the average ranking of the administrative regions where geothermal power
plants are located in Japan is at the 31st percentile. In contrast, the average ranking percentage in Indonesia and the
Philippines is higher, at the 57th and 70th percentiles, respectively, indicating that these two countries' geothermal
power plants are typically situated in areas with higher population density.

Regarding GDP, the average ranking of the administrative regions where geothermal power plants are located
in Japan, Indonesia, and the Philippines falls at the 57th, 65th, and 58th percentiles of their respective countries.
Indonesia's ranking is slightly higher than the other two. As for land prices, the average ranking of geothermal power
plant locations in all three countries ranges from the 49th to the 54th percentiles. This implies that the plants are
located in regions with relatively moderate land prices.

In terms of transportation, Figures 2d, 3d, and 4d show the 30-minute travel time isochrones for geothermal
power plants in red. The average area of transportation isochrones for Japan, Indonesia, and the Philippines are 177
km?, 154 km?, and 318 km?, respectively. The results show that the reachable area within a 30-minute drive from
geothermal power plants is larger in the Philippines compared to the other two countries.
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Through these data visualizations and ranking methods, we can gain a deeper understanding of the distribu-
tion of geothermal power plants in these countries, enabling comparative studies across different regions and discern-
ing patterns in the locations of geothermal power plants.

Average Ranking Percentage

49%
land price 50%
54%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mJapan ™ Indonesia M Philippines

Figure 1. Average ranking percentages of human geographical factors in their respective countries
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Figure 2. Spatial distribution of (2a) population density, (2b) GDP, (2c) land price, and (2d) isochrone area in relation
to geothermal power plants in Japan
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Figure 3. Spatial distribution of (3a) population density, (3b) GDP, (3c) land price, and (3d) isochrone area in relation
to geothermal power plants in Indonesia
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Figure 4. Spatial distribution of (4a) population density, (4b) GDP, (4c) land price, and (4d) isochrone area in relation
to geothermal power plants in the Philippines
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Correlation Coefficient Analysis of Japan, Indonesia, and the Philippines

In the administrative regions of Japan with geothermal power plants, there are negative correlations between the total
installed capacity and population density, GDP, and land prices, with correlation coefficients of -0.39, -0.48, and -
0.39, respectively (Figure 5). Additionally, a negative correlation is observed between geothermal power plant capac-
ity and transportation isochrones for various locations in Japan, with a correlation coefficient of -0.44 (Figure 5d).

In Indonesia, geothermal power plants in administrative regions show a positive correlation between the total
installed capacity and population density, GDP, and land prices, with correlation coefficients of 0.68, 0.67, and 0.54,
respectively, indicating a relatively higher level of correlation (Figure 6). The transportation isochrones also exhibit a
negative correlation with geothermal capacity, with a correlation coefficient of -0.33 (Figure 6d).

Similarly, in the Philippines, geothermal power plants in administrative regions show a positive correlation
between the total installed capacity and population density, GDP, and land prices, with correlation coefficients of 0.25,
0.17, and 0.38, respectively, indicating a relatively lower level of correlation (Figure 7). The transportation isochrones
also demonstrate a negative correlation with geothermal capacity, with a correlation coefficient of -0.31 (Figure 7d).

These findings shed light on the varying geospatial relationships between geothermal development and hu-
man geographical factors in the three countries. Japan's geothermal plants display negative correlations, indicating
that they are more likely to be situated in remote areas. On the other hand, in Indonesia, geothermal power plants
exhibit positive correlations, indicating a preference for locations with higher economic development. In the Philip-
pines, the correlations are positive as well, though relatively weaker compared to Indonesia. All three countries show
a negative correlation between geothermal development and transportation accessibility.
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Figure 5. Correlation coefficient between (5a) population density, (5b) GDP, (5¢) land price, and (5d) isochrone area
and installed capacity of geothermal energy in Japan
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Spatial Distribution Analysis of Taiwan

Taiwan currently has nine areas with high estimated geothermal potential and more comprehensive exploration data,
as shown in Figure 8. The locations of exploration wells in the potential areas and the existing geothermal power
plants, situated in Zhiben, Jinlun, and Chingshui, are marked in yellow and blue respectively, as depicted in Figures
8 and 9.

Regarding spatial distribution, QGIS software was utilized to visualize the data and analyze the population
density, average annual disposable income per capita, and assessed present land value in the administrative regions
where these geothermal potential areas are located. The results indicate that all these metrics are highest in the admin-
istrative region where the Datun Mountain geothermal potential area is situated. Although Datun Mountain is still
some distance away from the prosperous areas of that administrative region, the spillover effects and impacts on
surrounding towns still need to be considered for future development.

In terms of transportation, after evaluating the travel-time isochrones of each geothermal potential area, the
range extends approximately from 44 square kilometers to 217 square kilometers. Among them, Datun Mountain,
Zhihben, and Hongye show better transportation accessibility compared to the other geothermal potential areas.

Analysis of Questionnaire Survey Results of Taiwan

Taiwan's geothermal development is in its early stage of utilization. As the direction of investment can influence the
trajectory of geothermal development in Taiwan, a questionnaire was employed to gather perspectives from geother-
mal industry participants and relevant stakeholders regarding human geographical factors. This indicator was used to
assess the correlation with geothermal development.

The questionnaire asked respondents to rate each of the four factors, population density, economic develop-
ment, land value, and transportation, using a scale from 1 (low) to 5 (high), allowing participants to evaluate the
correlation of these factors. Then, the research calculated the weighted average of each factor's rating. The weights
assigned to the scores corresponded to the scale, with 1 representing the lowest weight and 5 representing the highest
weight. The results of the weighted average are presented in a radar chart, as shown in Figure 10.

Figure 10a demonstrates that survey respondents rated the transportation factor as having the highest positive
correlation with geothermal development. Further survey reveals that they believe convenient transportation facilitates
activities such as exploration, drilling, construction, and maintenance, while also reducing transportation costs. The
second-highest score of positive correlation is associated with economic development. Further survey indicates that
economic growth drives technological advancements, allows for the introduction or development of higher technolo-
gies, and benefits from a thriving commercial sector with high market demand, providing better prospects and business
opportunities.

Figure 10b demonstrates that survey respondents rated the population density factor as having the highest
negative correlation with geothermal development. They believe that higher population density can lead to public
opposition and may impose more environmental restrictions. The second-highest score of negative correlation is as-
sociated with land value, as high land rents or prices increase construction and operating costs.
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Figure 10. Radar chart of survey results in Taiwan: (10a) The weighted average of factors with a positive correlation,
and (10b) the weighted average of factors with a negative correlation

Conclusion

This research provides valuable insights into the current status and trends of geothermal energy development in the
countries of the Western Pacific region through the analysis of four human geographical factors: population density,
GDP, land price, and transportation. By integrating spatial distribution, correlation analysis, and survey results from
Taiwan, the following observations have been made:

1. Japan: Geothermal power plants are typically located in areas with lower population density, median values
for GDP, and land prices. However, when the total installed capacity is higher, there is a tendency to develop
geothermal projects in regions with lower GDP and land prices, indicating a preference for remote and un-
derdeveloped areas.

2. Indonesia and the Philippines: Geothermal power plants are often built in areas with higher population den-
sity, higher GDP, and higher land prices, suggesting a preference for developed and economically active
regions. The spatial distribution analysis for the Philippines also shows similar trends, with positive correla-
tion in correlation analysis, though the correlation strength is relatively low.

3. Transportation: The time travel areas for Japan, Indonesia, and the Philippines are 177 km?, 154 km?, and
318 km?, respectively. In these countries, there is a negative correlation between geothermal capacity and
transportation factors, indicating that areas with higher total geothermal capacity tend to have relatively lim-
ited access to transportation.

4. Taiwan: The survey results indicate that respondents consider transportation to be the most positively corre-
lated factor with geothermal development, while population density is viewed as a negatively correlated fac-
tor, highlighting the challenges and potential opposition in densely populated areas.

The results of this study underscore the importance of considering local human geographical factors when
planning and implementing geothermal energy projects. The unique social, economic, and environmental backgrounds
of each country play a crucial role in the success and acceptance of geothermal development plans. Policymakers,
investors, and stakeholders should take these factors into account to ensure sustainable and effective utilization of
geothermal energy. Taiwan, currently in the early stages of geothermal development, can learn from neighboring
Western Pacific countries' experiences with the interplay of geothermal development and human geographical factors
to explore suitable geothermal utilization models for the region's better development.

Overall, geothermal energy is a promising renewable energy source that can significantly contribute to green-
house gas emissions reduction and the global transition towards a sustainable energy system. Through this research,
it is evident that each country's specific conditions and challenges require tailored approaches and comprehensive
planning to harness the potential of geothermal energy and promote its sustainable growth in the respective regions.
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