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Geothermal energy is considered a renewable, clean, and environmentally friendly
energy source. In addition, it is efficient and relatively cost effective. Therefore, the
demand for the development and utilization of geothermal resources is increasing
annually. To understand the current status and developments within the context of
geothermal research, quantitative and qualitative analyses were carried out by
combining two visualization software applications, namely, VOSviewer and
CiteSpace; this analysis also entailed the secondary development of R language.
The results showed that the USA, China, and Germany are the main contributors to
geothermal research. We also found that geothermal research hot spots encompass
five geothermal research clusters, such as renewable energy utilization, heat flow,
numerical simulation, geochemistry, and groundwater. In addition, the strategic
diagram and thematic structure revealed how geothermal research has evolved
over time. Finally, the timeline view and burst term highlight the possible frontiers
of geothermal power generation, enhanced geothermal systems, and ecological
environment protection. These insights will provide scholars and policymakers with
a systematic understanding of the current research and directions for future studies.
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1 INTRODUCTION

The global adjustment of energy structures is inevitable, as nations are transitioning toward being
carbon neutral. Renewable energy plays a pivotal role in this adjustment. The booklet 10 Years-
Progress to Action, issued by the International Renewable Energy Agency, has emphasized that each
nation will have to prioritize renewable energy in policymaking. Renewable energy will become the
primary power source by 2030 when the power produced by renewable energy will account for 57%
of the total power (International Renewable Energy Agency, 2020). There are a wide variety of
renewable energies, including solar energy, wind energy, hydro energy, biomass, and geothermal
energy. The cost structure of using renewable energies is different from traditional ones, with higher
costs and lower operating costs in the initial stages. With the development of technology, geothermal
power generation costs will be lowered, making it more competitive (Noorollahi et al., 2019).
Geothermal energy also has the merits of enormous resource potential, stable flow, convenient use,
cleanliness, and sustainability (Li et al., 2015), enabling its application worldwide and facilitating
energy reform.
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In recent years, bibliometric analysis has become a method for
the quick exploration of hot spots and frontlines in specific
research fields (Thompson and Walker, 2015). This approach
can be applied to make macroscopic and overview statistics of
many periodicals and documents and to quantify co-authorship,
co-citation similarities, main contents, and trends (Daim and
Pilkington, 2018). Geothermics is considered a promising field
and continues to garner more research interest. Geothermics
spans multiple sub-disciplines, namely, geology (Ngansom et al.,
2019; Millett et al., 2020; Šafanda et al., 2020), tectonics (Carlino,
2018; Chicco et al., 2019; Hacıoğlu et al., 2020; Tzanis et al., 2020),
geophysics (Tang et al., 2017; Mazzoldi et al., 2020; Trainor-
Guitton, 2020), and hydrogeology (Yurteri and Simsek, 2017;
Maya et al., 2018; Tóth et al., 2020; Torresan et al., 2020). Scholars
have explored and estimated the reserves of geothermal energy.
The thermal mechanisms of geothermal resources, as controlled
by different fractures and fissures, have been analyzed (Ullah
et al., 2022). Aeromagnetic data combined with gravity inversion
have been used to search for insidious hot dry rock and
anomalous geothermal zones (Elbarbary et al., 2022). Using
hydrochemistry, the movement of fluids through the
geothermal system has been studied (Wang et al., 2022).
However, research on bibliometric visualization in geothermal
studies is still lacking, and the results are scattered because of the
lack of system integration and correlation. Based on the Web of
Science, documents consisting of geothermal research can be
collected and sorted. Then, with the help of CiteSpace,
VOSviewer, and R, the knowledge domain map can be drawn,
including the co-authorship network, citation network, keyword
co-occurrence network, theme evolution, and burst terms. Using
the aforementioned approaches, the knowledge structure, co-
citation relation, and dynamic evolution in geothermics can be
analyzed qualitatively. Therefore, the status, hot spots, and
development trends in the field can be better understood.

2 DATA AND METHODS

2.1 Data Resource
Data were obtained from Web of Science, an extensive and
comprehensive database (Powell et al., 2016), with numerous
essential journals from different disciplines. To ensure the
accuracy and validity of the data, they were obtained from a
literature research tool in the Science Citation Index (SCI). In SCI,
19,860 studies were chosen using the theme words “geothermal and
geothermal energy,” which could be applied to CiteSpace and
VOSviewer. The Web of Science Core Collection (WoSCC)
database was used for all the theme words, using the primary
search method, customizing the year from 2000 to 2020, and
excluding documents that were far from the research topic and
whose author or journal title was unsound. Six thousand five hundred
and fifty-eight authors from 134 countries writings were shown to be
linked to the discovered literature. Sixteen document types were
identified, of which articles (77.482%) were the largest, followed by
proceedings articles (19.062%), reviews (5.347%), editorial material
(0.729%), andmeeting abstracts (0.664%). After code screening, 5,858
journal documents couldmake the R language run.Many documents

were excluded because of the high requirements for document
format.

2.2 Methods
The knowledge mapping domain is an emerging field in
bibliometrics. It is an effective method for describing scientific
research cooperation, exploring subject history, and analyzing
research content (Shiffrin and Börner, 2004). Through citation,
multidimensional scale, factor, cluster, and co-word analyses
(Chen, 2004a), a deeper level of information and a more
precise knowledge structure can be found; this knowledge can
be used to promote scientific research management. There are
various tools for mapping knowledge domains; however,
conventional software has some shortcomings. For example,
visualization is not intuitive in SPSS and SAS (Preacher and
Hayes, 2004); SCI2 can only hold up to 10,000 data items (Börner,
2011), and Histcite can only support one data type and cannot be
used for multi-database analysis (Garfield, 2009). However,
VOSviewer can perform text mining and build a symbiotic
network from numerous scientific documents (Eck and
Waltman, 2010). CiteSpace is more credible in dynamic
analysis and has the advantage of illuminating the
development and frontiers of a discipline. Therefore, two types
of software packages were used in the analysis (Chen, 2006).
VOSviewer was applied in co-authorship, bibliographic coupling,
and co-occurrence of keywords. On the other hand, CiteSpace
was used in co-citation, timeline analysis, and burst terms.
Although there are some differences in their interfaces and
principles, their general steps (Table 1) can be summarized as
follows: obtaining data, filtering data, selecting knowledge units,
building unit relationships, data normalization (Chen, 2004b; Eck
and Waltman, 2009), code running, and visualization.

R language was used for secondary development to further
reveal the evolution of geothermal research themes. It is an
integrated software application that combines statistical
analysis and graphic display and can be used for data
manipulation. Compared with other statistical analysis
software packages, all R functions and datasets are stored in a
powerful program package. The package—bibliometrix includes
bibliometrics and metrological research tools. The package is
used for theme evolution and strategic coordinate analysis
because it helps analyze bibliometrics more comprehensively.
Bibliometrix constructs the corresponding co-occurrence
network and internal connections between networks through
data screening, format conversion, matrix building, data
deduplication, programming weighting, and attribute
adjustment. Therefore, it can classify theme types and analyze
their evolution to carry out more profound knowledge discoveries
in geothermal research.

3 RESULTS AND DISCUSSIONS

3.1 Annual Publications and Journals
Figure 1 shows the average annual number of publications on
geothermal research from 2000 to 2020. From 2000 to 2007, the
number of publications was relatively low, and the average annual
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number of publications at this stage was less than 600. From 2008
to 2012, the number of publications grew steadily, consolidating a
period of stability, with an average annual growth of
approximately 100. Since 2013, there has been a remarkable
increase in the number of articles published in geothermal
fields, with an annual increase of 243. However, the posting
growth rate in 2020 decreased slightly. On the one hand, some
research cannot be conducted because of the impact of COVID-
19. However, many articles are still not included in the database
owing to the time lag in the inclusion of articles in the Web of
Science database. However, it is expected that the annual number
of publications will continue to increase rapidly in the future
based on the overall upward trend.

The sources were relatively scattered (Figure 2) for essays
published in journals from different fields. Therefore, a clear
hierarchy has yet to be established. It is easy to find from the
publications that Geothermics ranks first, accounting for 6.64%
(1,240), with a CiteScore of 7.0, and an h-index of 37. Two
journals, namely, the Journal of Volcanology and Geothermal

Research and Renewable Energy, account for 2.80% (523) and
2.05% (383) of the publications, respectively. Although the latter
has a lower volume, its CiteScore is 11.2, and its h-index is 90,
much higher than the former’s CiteScore of 5.1, and an h-index of
36. The journals mentioned earlier are both highly influential, and
their research outputs mainly focus on geology, engineering,
geophysics, geochemistry, and environmental ecology,
highlighting the interdisciplinary characteristics of geothermal
research.

3.2 Co-Authorship Network
Academic co-authorship is beneficial for knowledge
dissemination and can promote scientific development (Lee
and Bozeman, 2005). A scientific network consists of clusters
that are controlled by different factors. Scholars in each cluster are
regarded as nodes that can be connected through co-authorship
to create a measurable and analytical academic community
network (Newman, 2001). The knowledge mapping domain
can enable bibliometric visualization, allowing for an analysis

TABLE 1 | Main steps of VOSviewer and CiteSpace.

Main Step VOSviewer 1.6.13 CiteSpace 5.7. R2

Get data Web of Science Web of Science
Full record and cited references Full record and cited references
TSV(Win) Txt

Filter data Deduplication, errata, and manual removal of documents that are far from the subject
Select knowledge
unit

Country, author, and institution Document

Document and keyword Keyword
Build unit
relationships

Co-authorship Co-citation

Co-occurrence Co-occurrence
Bibliographic coupling Burst term

Data normalization Sab = Cab/WaWb Cosine, Jaccard, and Dice
Note: Sab is the similarity between a and b, Cab is the total number of occurrences of a and b, and
Wa, Wb are the number of co-occurrences of a and b

Code running Cluster analysis, factor analysis, and multidimensional scale analysis
Visualization Co-authorship of country/institution/author, co-occurrence of keyword, citation of references, and

bibliographic coupling
Co-citation, timeline view, timezone view, and
burst term

FIGURE 1 | Annual publications of geothermal research.
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about the communication and cooperation of individuals in
different groups (countries, institutions, and authors) and
identify the number, type, organization, and evolution of sub-
networks to dissect the structure of the entire network.

3.2.1 Co-Authorship of Countries
Scientific research has already entered the era of international
cooperation, so the co-authorship of countries is a vital factor in
promoting technological innovation and development
(Gershenson, 2013). VOSviewer can create a map of the co-
authorships of countries. According to the statistics (Figure 3),
148 countries participated in international co-authoring. Ninety-
eight countries met the standard with a threshold of five, full
counting as the method, and adjusting the maximum number of

countries per document to 25. A threshold of five means, the
number of publications per country must not be lower than five;
otherwise, the software excludes these countries. Full counting
implies that each co-authorship link has the same weight. For
instance, if a country co-authors a document with 10 other
countries, each of the 10 co-authorship links weighs one while
the weight is 1/10, using the fractional counting method.

There were 98 nodes and 1,460 links, and the total link
strength is 10,318 in Figure 3. Each node represents a
different country, the size of which refers to the number of
issued documents. Only the first author and corresponding
author were considered when counting the number of articles
per country because it is generally accepted that they have made
the most significant contribution to the articles. The thickness of

FIGURE 2 | The top 10 journals with publications in geothermal research.

FIGURE 3 | Mapping knowledge domain about co-authorship of countries.
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the links between the nodes indicates the level of cooperation and
closeness between countries. Meanwhile, the colors displayed at
different times on the color card correspond to those of the nodes,
reflecting the average time of publishing articles in the country.
Figure 4 can be drawn by exporting data from the software,
ranked by the quantity and citations of documents.

The country with the most essays is the United States (3,864),
followed by China (3,112), and Germany (1,851), with citations of
98,914, 42,567, and 33,421, respectively, shown in Figures 3, 4.
According to the EIA, seven states in the United States have
geothermal power plants with a power generation capacity of
approximately 16 billion kilowatt-hours (kWh). Before 2019, the
installed geothermal power generation capacity ranked first in the
world. China has focused on direct utilization of geothermal
resources. The cascade utilization system was completed in 2015.
The use of geothermal resources at different temperatures for
bathing, medical treatment, breeding, heating, and cooling has
been conducted in a place with a heating power of 17,870 MW,
leading the world. As of 2017, thermal power has led the world by
more than 20,000 MW. The average publication year of the
documents issued by Germany was 2009, as calculated by the
software. Geothermal research in Germany started relatively late
compared with that in the United States and China, but the
exploration has dramatically improved in the past 10 years. The
Bureau for the Technological Impact Assessment of the German
Bundestag (TAB) believes that the rational utilization of
geothermal resources can supply the basic load of the whole
country. The government has also introduced relevant
geothermal power price subsidy policies to promote the
sustainable development of geothermal resources.

From a co-authoring perspective, the greater the number of
lines between nodes, the thicker the links and greater the
cooperation between countries are. Total link strength is a
critical configuration for co-authoring. The country with the

most extensive international cooperation is the United States,
with a total link strength of 2,395, followed by Germany, with a
total link strength of 1,579, and the third country is the
United Kingdom, with 1,129. From Figure 3, it can be seen
that the United States–German, United States–United Kingdom,
and United States–China have frequent cooperation.
Simultaneously, countries such as South Africa, Malaysia,
Serbia, Hungary, and the Philippines are shown as single
nodes, meaning that they are less involved in international
cooperation. As the situation continues, the latest technologies
will spread in a small area, causing polarization. However,
strengthening cooperation among countries can promote the
geothermal industry through international academic
conferences and projects. For instance, the latest theories from
different studies can be integrated. Cooperation also allows
countries to share unique technologies, including hot dry rock
reservoir stimulation, hydraulic fracturing, ground source heat
pumps, and geothermal power generation. Cooperation in
technological development is beneficial for innovative
breakthroughs that can be applied to geothermal exploration
and production.

3.2.2 Co-Authorship of Institutions
A co-authorship map of institutions can be drawn using the same
principles as national co-authoring. Nine thousand and fifty-
three institutions participated in co-authoring, and 1,260 of them
met the requirements mentioned before.

There are 1,260 nodes and 11,973 links, and the total link
strength is 18,808 in Figure 5. The node size reflects the number
of documents issued by an institution. The most noticeable
feature of the density view is that the node’s connection is
weak, and the degree of co-authorship is shown by different
brightness, which means the brightest areas indicate
organizations with a large amount of cooperation and strong

FIGURE 4 | Country distribution of the literature.
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link strength. Institutions in the same cluster have the same color.
This reveals that scientific research clusters can break the
boundaries of disciplines, regions, and industries to form
groups of academic significance, depending on the nature and
innovation of the industry to be served. Figure 5 shows that the
institutions with outstanding publication volumes are the
Chinese Academy of Sciences (519), Russian Academy of
Sciences (299), and University of Iceland (297). The most
cited institutions were the United States Geological Survey
(9,674), the Chinese Academy of Sciences (7,567), and the
University of California, Berkeley (6,178). The institutions
with the highest total link strengths are the Chinese Academy
of Sciences (661), the United States Geological Survey (430), and
the Italian National Research Council (419). The results showed
that the Chinese Academy of Sciences has outstanding
performance in terms of the number of publications, citations,
and total link strength. It actively conducts geothermal research,
and pays attention to scientific research communication. Its main
partners are the University of California, Berkeley, the China
University of Geosciences, and the China University of
Petroleum. It can be seen that many universities have also
been involved, except research institutes, and a research
system has taken shape.

3.2.3 Co-Authorship Analysis
The author is the smallest unit in the co-authorship network, and
the major academic groups and leading figures in the geothermal
field can be identified through visualization analysis. Figure 6
shows a density view that takes authors as nodes, and the
parameter settings of the figure are consistent with the density
view of the co-authorship of institutions. According to the data
screening results, 1,763 authors met the criteria, out of 47,575
authors. The number of authors involved in the study was

relatively large; however, the clustering division in the figure
was apparent, and even clear boundaries could be observed. These
results indicate that the authors were more inclined to
communicate in small groups. The academic links among
teams are weak and not conducive to sharing the latest
scientific research results or making breakthroughs. Dincer
Ibrahim and Blum Philipp are the most published and cited
authors, whereas, Song Xianzhi takes the lead in the total link
strength.

Based on the number of published documents, the most cited
articles of the top 25 authors on the Web of Science were counted
to explore the main research directions of different authors
(Table 2). Dincer Ibrahim, who specializes in engineering and
mechanical research, has extensively explored the impact of
exergy on the environment and sustainable energy
development. As the adequate energy in the working medium
of a thermal system, exergy is determined by both the system and
the environment, and the exergy equilibrium analysis principle
lays the foundation for thermodynamic analysis (Dincer, 2001;
Dincer and Rosen, 2012). Philipp Blum and Professor Bayer Peter
cooperated closely in engineering geology and groundwater
simulation research. They focused on the development and
utilization of shallow geothermal energy and believed that
ground source heat pumps for cooling and heating are highly
efficient, energy saving, and have low operating costs. This can
reduce greenhouse gas emissions and protect the environment
(Blum et al., 2010; Bayer et al., 2012; Hähnlein et al., 2013). In
addition, to better reveal the migration laws and formation
mechanisms of groundwater in geothermal systems, many
scholars, such as Guo Qinghai, Saar, Martin O., Wang Yanxin,
and Xu Tianfu, focused on geothermal hydrogeology research.
They are devoted to exploring the geochemical characteristics of
geothermal fluids, isotopic tracers, and the coupling of

FIGURE 5 | Density view of co-authorship of institutions.
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groundwater seepage fields (Guo et al., 2007; Saar, 2011; Xu et al.,
2011; Guo and Wang, 2012).

3.3 Co-Citation Network
Co-citation means that two articles are simultaneously cited by a
third article. Similar to bibliographic coupling, it can reflect the
degree of connection and structural relationships between
documents. Bibliographic coupling reflects the relationship
between two cited references, whose coupling strength remains
unchanged and is a static model. In comparison, co-citation
reflects the relationship between two cited references, the
strength of which is determined by other references and is a
dynamic superiority model (Egghe and Rousseau, 2002; Garfield
et al., 2005).

The software CiteSpace can be used to map the knowledge
domain regarding the co-citation of documents (Figure 7). In
Figure 7, nodes represent different co-cited documents. The
larger the node, the more co-cited the documents are. Based
on the co-citation relationship and the number of studies, the
literature can be divided into eight clusters. The Q value
represents the module value. Each subdomain in the co-cited
cluster was defined as significant when it was greater than 0.3. The
S value represents the contour value. In this figure, Q (0.9224)
satisfies the conditions and S (0.8645) reflects the high
homogeneity of research clustering. The loglikelihood ratio
(LLR ratio) algorithm was used to extract labels from
literature titles, keywords, and abstracts. They were then
numbered. The smaller the number, the larger the clustering
scale is. The clustering color reflects the average year of the cited
references. An earlier average year has a deeper color. The large
clusters shown in the figure are #0 Kalina cycle, #1 renewable
energy, and #2 stromatolites, in which geothermal as renewable
energy has attracted widespread attention. Stromatolites are
usually found in dolomite and limestone, which are suitable

thermal reservoirs that are relatively easy to exploit. The
Kalina cycle is an effective method for recycling low-grade
heat. An ammonia–water mixture is used as the working
medium. The efficacy of this medium is based on the organic
Rankine cycle to optimize the thermal economy performance and
cycle efficiency. The cycle ensures better heat transfer matching
relationship with the heat source and cold source on the whole
(Zhang et al., 2012; Rostamzadeh et al., 2019; Zhou et al., 2020).
The lighter themes were (#4 induced earthquake) and (#5
mechanical properties). In 2017, a MW5.4 earthquake
occurred in Pohang, South Korea. According to two
complementary studies based on seismic, geodesy, and
geological data from the June 2018 issue of Science, the
earthquake may have been triggered by injecting high-pressure
water into the stratum at depths of more than 4,300 m, providing
a “lubricant” for an unknown fault in the rock, shifting static
stress, and causing fault slip (Grigoli et al., 2018; Kim et al., 2018).
Since then, it has become a hot topic to discuss whether exploiting
hot dry rocks will induce earthquakes. These factors are
complicated, and specific conclusions remain to be verified. In
addition, research on the mechanical properties of rocks and
materials has gradually increased, which is significant for
improving the stability of artificial reservoirs (Wyering et al.,
2014; Li et al., 2020).

3.4 Co-Occurrence Network of Keywords
Keywords can summarize the topics and content of the literature.
Many studies are based on the belief that the frequency of
keywords can indicate the concentration and extent of
research results in this field, which can be used to judge
research hot spots (Chen, 2006; Eck and Waltman, 2009; Eck
and Waltman, 2010; Jia et al., 2020). The principle of cluster
analysis is based on the use of similarity to classify messy
information. For instance, cluster analysis based on keyword

FIGURE 6 | Density view about co-authorship.
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frequency statistics can indicate closely related topics (Garrigos-
Simon et al., 2019; Yang et al., 2019). In VOSviewer, the node type
was set as a keyword and the network relationship as co-
occurrence. The color shows different clusters, and the size of
the nodes represents the frequency of keywords; the larger the
node, the higher is the frequency. Together with the font size, it
determines the weight of the node. When both are underlined,
nodes are more vital. The lines between nodes indicate the
relevance of nodes. The thicker the lines, the closer is the
connection.

In Figure 8, the knowledge mapping domains can be obtained
with the search subject word “geothermal” and “geothermal
energy.” There were 4,846 of the 47,036 keywords satisfying
the requirements under the threshold value of five. Owing to
the significant deviation between some keywords and overall
clustering, the software adopted automatic screening for an
obvious result. After screening, there were 444 nodes, eight

clusters, and 12,666 connections. In addition, the total
connection strength was 25,021 (Figure 8). It can be
concluded from the comprehensive heat and intensity that the
more important nodes in the figure include “geothermal energy,”
“evolution,” “temperature,” “system,” and “model,” and their co-
occurrence frequencies are 1,164, 1,050, 899, 827, and 791 times,
respectively. The connection intensities were 7,181, 8,852, 7,198,
6,543, and 5,962, respectively (Figure 8). This indicates that the
formation and evolution of the geothermal system, estimation of
heat storage temperature, and modeling in geothermal energy
exploration are current hot spots.

Clusters with different colors indicate that the main ideas of
current geothermal research can be summarized into five aspects
(Figure 8).

Cluster 1 (green): This was carried out around the headword
“evolution” from the perspective of geophysics and geology
(Figure 8). Geothermal energy is stored in the Earth’s interior,

TABLE 2 | Top 25 authors with publications in geothermal research.

Author Document Citation Total link
strength

Masterpiece in geothermal
research

Dincer, Ibrahim 55 1,877 46 A review on clean energy solutions for better sustainability
Blum, Philipp 50 1,913 80 International legal status of the use of shallow geothermal energy
Stefansson, Andri 45 721 45 Fluid–fluid interactions in geothermal systems
Bayer, Peter 43 1,771 89 Greenhouse gas emission savings of ground source heat pump systems in Europe: A review
Tomaszewska, Barbara 42 400 74 Desalination of geothermal waters using a hybrid UF-RO process. Part I: Boron removal in pilot-

scale tests
Brogi, Andrea 41 648 114 Highly extended terrains, lateral segmentation of the substratum, and basin development: The

middle-late Miocene Radicondoli Basin (inner northern Apennines, Italy)
Guo, Qinghai 37 433 104 Geochemistry of hot springs in the Tengchong hydrothermal areas, Southwestern China
Pang, Zhonghe 37 239 67 Fluid geochemistry and geothermometry applications of the Kangding high-temperature

geothermal system in eastern Himalayas
Kabay, Nalan 34 790 88 Boron in seawater and methods for its separation: A review
Saar, Martin O. 34 586 62 Review: Geothermal heat as a tracer of large-scale groundwater flow and as a means to

determine permeability fields
Song, Xianzhi 34 367 134 Numerical analysis of heat extraction performance of a deep coaxial borehole heat exchanger

geothermal system
Zimmermann, Guenter 34 685 105 Slip tendency analysis, fault reactivation potential and induced seismicity in a deep geothermal

reservoir
Sass, Ingo 33 233 29 Damage to the historic town of Staufen (Germany) caused by geothermal drillings through

anhydrite-bearing formations
Hepbasli, Arif 31 1,658 32 A key review on exergetic analysis and assessment of renewable energy resources for a

sustainable future
Kohl, Thomas 31 324 61 The deep EGS (enhanced geothermal system) project at Soultz-sous-Forets (Alsace, France)
Li, Gensheng 29 319 104 Numerical simulation of heat extraction performance in enhanced geothermal system with

multilateral wells
Shi, Yu 29 349 118 Production performance of a novel open loop geothermal system in a horizontal well
Hedlund, Brian P. 28 1,008 102 A review of the microbiology of the Rehai geothermal field in Tengchong, Yunnan Province, China
Ranjith, P. G. 28 899 54 An experimental investigation on thermal damage and failure mechanical behavior of granite after

exposure to different high temperature treatments
Zhu, Jialing 28 498 61 A review of geothermal energy resources, development, and applications in China: Current status

and prospects
Elsworth, Derek 27 982 12 Thermal–hydrologic–mechanical–chemical processes in the evolution of

engineered geothermal reservoirs
Scheck-Wenderoth,
Magdalena

27 334 59 Modelling of fractured carbonate reservoirs: outline of a novel technique via a case study from the
Molasse Basin, southern Bavaria, Germany

Wang, Yanxin 27 381 71 Major hydrogeochemical processes in the two reservoirs of the Yangbajing geothermal field,
Tibet, China

Xu, Tianfu 27 362 81 TOUGHREACT Version 2.0: a simulator for subsurface reactive transport under non-isothermal
multiphase flow conditions

Boyd, Eric S. 26 747 54 The mercury resistance operon: from an origin in a geothermal environment to an efficient
detoxification machine
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and its formation and evolution are relatively complicated. To
fully exploit the advantages of hierarchical utilization, according
to the temperature of the thermal reservoir, geothermal energy

can be divided into high temperature, medium temperature,
medium-low temperature, and other types of resources.
During geothermal resource exploration, measurement of

FIGURE 7 | Citation of references and bibliographic coupling of documents.

FIGURE 8 | Co-occurrence mapping of keyword "geothermal+geothermal energy".
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geophysical properties is essential. It can reveal key parameters
such as geothermal gradient, terrestrial heat flow value, reservoir
temperature, and specific heat, illuminating the formation
lithology, geological structure, and relationship of the
geothermal system (Barbier, 2002; Zuo et al., 2013;
Gasperikova and Cumming, 2020) by using seismic
prospecting, electrical methods, magnetism, gravity
measurement, remote sensing, and other indirect methods.

Cluster 2 (red) and Cluster 3 (purple): Cluster 2 focuses on
geochemical methods, whose central word is “geochemistry.”
Cluster 3 focuses on hydrogeology, with the core item of
“geothermal water” (Figure 8). Both concentrate on
geothermal fluids, the most common of which is groundwater.
Geochemical methods are recognized as one of the most
economical and practical geothermal research techniques.
Geothermal fields can be effectively searched based on the
abnormal values of some elements in soil (Kaasalainen et al.,
2015), such as mercury (Pastrana-Corral et al., 2016), arsenic
(Ballantyne and Moore, 1988), and antimony (Wilson et al.,
2012), by testing and analyzing the characteristics of various
major and trace elements and isotopes in geothermal water. In
addition, the chemical composition of natural hot springs and
boiling springs can be successfully determined (Guo et al.,
2017); this knowledge can then be combined with our
understanding hydrogeology and used to infer the
physiochemical reactions of ions during fluid migration
(Wang et al., 2013).

Cluster 4 (blue): Geothermal energy is mainly analyzed from
the perspective of economics and engineering with the headwords
“geothermal energy” and “renewable energy” (Figure 8). Within
the context of geothermal energy, costs also need to be considered
when its further development and utilization is concerned. Under
the guidance of the principles of economics and the exergy
equilibrium equation from thermoeconomics, the relationship
between the variables can be determined by selecting the
constraint conditions and decision variables. Mathematical
methods can then describe the objective function and
constraint equation (Valero et al., 1986; Valero et al., 1993;
Zaleta-Aguilar et al., 2007). Thus, feasible solutions have been
proposed, such as optimizing the best parameters of the ground
source heat pump based on pure heat transfer thermodynamics
(Lai, 2013), improving and designing well configurations based
on changes in heat flux, heat load, and annual mean temperature
(Retkowski and Thöming, 2014); overall, reducing the cost of
generating electricity by opting for power generation cycle
patterns (Coskun et al., 2014; Fallah et al., 2018) and
promoting the economic competitiveness of geothermal power
stations by adjusting the pressure levels for cycles (Leveni et al.,
2019; Talluri et al., 2019).

Cluster 5 (yellow): It takes “model” as the core item and
elaborates the application of numerical simulation in geothermal
geological modeling (Figure 8). Numerical simulations have been
widely used in groundwater, oil, and gas reservoir modeling.
However, geothermal resources are also abundant. The geological
formation process is complex, including chemical dissolution and
precipitation, ion reaction, and rock creep deformation, when the
stress in the rock changes under high temperature and pressure.

Therefore, the numerical simulation of geothermal reservoirs is
still in the exploratory stages, owing to the highly complicated
transmission coupling between energy and mass (O’Sullivan
et al., 2001), involving multiple coupling effects of the
temperature, seepage, stress, and chemical fields. The
mathematical model can be simplified to a certain extent using
FEFLOW, Moodflow, COMSOL, Eclipse, OGS, and other
software. However, the simulation results can be more
accurate when the acquisition of geological information can be
maximized (Franco and Vaccaro, 2014; Aliyu and Archer, 2021),
for example, boundary conditions, source and sink terms
(meteoric water supply, water head difference, etc.), fracture
distribution and types, reservoir properties (formation
thickness, reservoir porosity and permeability, density, thermal
conductivity, etc.), and fluid properties (fluid properties, flow rate,
density, viscosity coefficient, etc.). This approach is meant to
prevent geological disasters and ensure the sustainable
development of geothermal resources.

It is evident that the five clusters focus on different aspects but
are also related. Geological theory and geophysical detection
(green clusters) are essential exploration methods for
identifying favorable zones. Geochemistry and hydrogeology
(red and purple clusters) can effectively evaluate geothermal
fields because they can deduce the evolution of geothermal
systems based on the current fluid composition. Engineering
design (blue cluster) and numerical simulation (yellow cluster)
are advanced optimizations for geothermal development, as they
can reduce drilling costs for shallow geothermal energy and hot
dry rock. In addition, different clusters can provide
complementary evidence. For example, high heat flow values
and fluid isotope shifts often indicate anomalous geothermal
areas. Seismic wave and rock mechanics data are integral to
establishing 3D geological and drilling models. The common goal
of all five clusters is to achieve geothermal energy exploration and
development.

3.5 Frontal Analysis
The key literature often shows certain patterns over time,
revealing the evolutionary trajectories of relevant themes and
even yielding the main dynamics of a field (Aria and Cuccurullo,
2018; Rodríguez-Soler et al., 2020; Ghosh and Prasad, 2021). The
timeline view, timezone view, and burst term can be obtained by
setting the threshold to one and inserting the time layout through
cluster analysis on keyword co-occurrence in CiteSpace. In
addition, 5,858 articles from the database were imported into
the R language to plot the strategic diagram and thematic
evolution structure by loading the function package
Bibliometrix (Aria and Cuccurullo, 2018) to program the
downloaded dataset. They both reflected the changes in
themes and frontier content in geothermal research.

3.5.1 Strategic Coordinate Analysis
The strategic diagram of R language (Figure 9) divides the theme
types through different quadrants. The “vertical axis” represents the
weight (centrality) of the theme and the “horizontal axis” represents
the development degree (density) of the theme. The research themes
were divided into four groups (Figure 9): a) motor themes (first
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quadrant): high concentration and high density, reflecting essential,
and well-developed themes; b) niche themes (second quadrant): high
concentration and low density, reflecting important but not well-
developed themes; c) emerging or declining themes (third quadrant):
low centrality and low density, reflecting the themes that are about to
disappear, or maybe a frontier theme that will emerge in the future;
and d) basic themes (fourth quadrant): low centrality and high
density, reflecting the themes that have been well-developed with
little prospect in the future and usually refers to the basic concept, such
as a search term.As shown inFigure 9, the theme of thefirst quadrant
is “geothermal exploration,” which indicates that the exploration and
development of geothermal resources has received close attention and
will continue to be carried out (Zaher et al., 2018; Ars et al., 2019;
Thomas et al., 2019; Guglielmetti and Moscariello, 2021). The second
quadrant is “geothermal water” and “enhanced geothermal system”
enhanced geothermal systems. Both are widely distributed and have
great resource potential and good application prospects (Agemar
et al., 2014; Ma et al., 2017; Yurteri and Simsek, 2017; Lu, 2018;
Catalan et al., 2019; Torresan et al., 2020; Tóth et al., 2020). However,
they may not be well-developed due to scientific and technological
limitations. The theme of the third quadrant is “exergy.” Theoretical
research on exergy calculation and energy-level analysis has developed
rapidly since the establishment of the first and second laws of
thermodynamics. Exergy has been widely used in energy-saving
projects (Zaleta-Aguilar et al., 2007; Bina et al., 2018; Yilmaz and
Koyuncu, 2021), so it will not be very innovative in the future. The
fourth quadrant is themed as “geothermal energy” and “heat flow,”
whichmay be the first to be studied and developed, showing it to be a
foundational theme of geothermal research.

3.5.2 Theme Evolution
The theme model generates differentiation on a time scale and
evolves into multiple related topic paths. Each theme is one-to-
one, corresponding to the text in the literature (Furstenau et al.,

2021). Therefore, R can be used to establish a matrix related to the
topic and time. Based on the matrix calculation, the thematic
evolution function of the bibliometrix function package was used
to obtain the thematic evolution structure by dividing the 10-
years data into four time periods, setting the time nodes as 2012,
2014, 2016, and 2018, and five as the minimum occurrence
frequency (Figure 10). The timezone view (Figure 11) is
drawn using the co-occurrence function of CiteSpace, where
nodes represent subject words, the purple aperture outside the
nodes represents centrality, and the lines represent the
connections between subject words (Liu et al., 2020). It is
worth noting that the larger the node, the higher is the
occurrence frequency of the subject word. In addition, the
more pronounced the purple aperture and the more
connections, the more influential is the node. The position of
each node in the figure depends on the year in which the
corresponding dataset first appeared. Although the subject
term will still appear in later years, it will only accumulate at
the node where it first appeared.

Based on Figure 10, the themes can be divided into two
categories. The first category includes recurring themes, such as
“geothermal,” “geothermal energy,” “geothermal water,” “organic
Rankine cycle,” and “heat flow” (Figure 10). Since the appearance
of this theme in 2010, it has been repeated every period and has
been the focus for a long time. The second category is the newly
developed theme, such as “heat pump,” “heat transfer,” “energy
efficiency,” “enhanced geothermal system,” and “shallow
geothermal energy” (Figure 10). However, the emergence
times of these themes were not fixed. “Heat pump,” “heat
transfer,” and “energy efficiency” only repeat for a period,
indicating that they were hot spots in a short period but
overlapped with other branches and were merged with the
evolution of geothermal energy. “Enhanced geothermal
system” has spread in various paths since its appearance in

FIGURE 9 | Strategic diagram depicting the research theme of geothermal.
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2013 (Figure 10). This indicates the rapid development of hot dry
rocks. Among renewable energy sources, only an enhanced
geothermal system (EGS) can provide an uninterrupted power
supply, which is not affected by natural conditions such as season,
climate, and illumination, with many prospects (Lu, 2018).
“Shallow geothermal energy” appeared in 2019 (Figure 10)
because the development and utilization of it involve global
assignments such as urban energy structure, environmental
protection, and improvement of people’s quality of life, and its
scale and development speed are growing promptly (Garcia-Gil
et al., 2020; Tsagarakis, 2020; Xu et al., 2020).

In Figure 11, it can be seen that: a) from 2000 to 2004, the
nodes with high centrality and frequency were “heat flow,”
“system,” and “ permeability.” b) From 2005 to 2010, the
nodes with high centrality and frequency were “groundwater,”
“fluid flow,” and “performance.” c) From 2011 to 2020, the
nodes with high centrality and frequency are “optimization,”
“organic Rankie cycle,” and “numerical simulation.” Figures
10, 11 jointly reveal that geothermal research started with

concept establishment, geophysical exploration, and
geochemical exploration in the early stages (Studt and
Thompson, 1969; Ólafur and Saemundsson, 1993; Tanaka,
2004) and then focused on the utilization and improvement of
the thermal performance of hydrothermal geothermal
resources (Qin et al., 2005; Han et al., 2010; Aneke et al.,
2011; Saar, 2011). In recent years, mathematical statistics and
big data analytics have been combined to generate numerical
simulations and system optimizations of geothermal
resources to attain the use and development of hot dry
rock resources (Zeng et al., 2017; Song et al., 2018; Zhou
et al., 2019; Liu et al., 2021; Aliyu and Archer, 2021; Zinsalo
et al., 2021) and promote the establishment of geothermal
power stations.

3.5.3 Frontier Prediction
The timeline view (Figure 12) takes the publication time of the
literature as the horizontal axis, the clustering status of different
keywords as the vertical axis, and documents with the same

FIGURE 10 | Thematic evolution structure of geothermal.

FIGURE 11 | Timezone view of geothermal.
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clustering label are located on the same horizontal line. According
to the number of documents in each cluster and the centrality of
the keywords, the first three clusters were “#6 water,” “#11
geothermal water,” and “#12 geochemistry,” with excellent
keyword frequency and purple aperture thickness (Figure 12).
Judging from the number, length, and density of the links, this
research trend will not weaken. As early as 1983, Arnorsson et al.
(1983) adopted geochemical means to correct the chalcedony and
sodium–potassium geothermometers in the Iceland’s process of
geothermal exploration and proposed a new geochemical
geothermometer. In 1993, the systematic process of
geothermal fluid exploration and evaluation, including analysis
of groundwater types, determination of fluid components,
calculation of water and rock dissolution equilibrium
processes, and analysis of geothermal steam conductivity, were
summarized (Nicholson, 1993). In 2010,Welch et al. (2010)found
that arsenic tended to be enriched in alkaline groundwater with a

sufficient magma heat source, so favorable geothermal areas
could be found through arsenic abnormity. In recent years,
groundwater chemistry has been actively studied (Ma et al.,
2017; Gan et al., 2019; Gao et al., 2019; Shah et al., 2020;
Lautze et al., 2020; Haklidir et al., 2021). Furthermore, unlike
the clustering of most nodes with high centrality, which only
appears in the early stage, the second half of the time axis of “#1
optimization,” “#7 hydraulic,” and “#8 enhanced geothermal
system” also has many breakouts of small nodes, which
indicates that the study is of high significance, continuity, and
innovation. In particular, they can also be closely associated with
several clusters such as “#2 earthquake,” “#4 exergy,” “#9 the
geysers,” and “#13 temperature” (Figure 12). To a certain degree,
numerical simulation is an excellent way to evaluate the quantity
and grade of hot dry rock (Feng et al., 2012), the fracture
formation process and the hydraulic fracturing mode are
simulated, and the changes in the long-term parameters are

FIGURE 12 | Timeline view of geothermal.
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predicted (Zhang et al., 2013; Gong et al., 2020) to optimize the
maintenance system. However, whether an EGS induces
earthquakes or causes microseismic activity remains a
controversial issue that has caused delays and cancellations of
several EGS projects worldwide (Majer et al., 2007). Some
scholars believe that underground stress disturbances may
change the original stress state of a fault and activate it to
induce an earthquake (Grigoli et al., 2018; Kim et al., 2018;
Trutnevyte and Azevedo, 2018). On the other hand, others
believe that microseismic activity has almost no adverse
physical impact on construction operations, and that major
earthquake events can be predicted by traffic light protocols
(TLP) or statistical models such as probabilistic seismic hazard
analysis (PSHA) (Mignan et al., 2015; Hofmann et al., 2018;
Atkinson et al., 2020).

The Burst term refers to keywords cited more than the average
value of a period, which can indicate the frontier of a research
field (Yang et al., 2020; Azam et al., 2021). In Table 3, sorted by
the years of emergence, the delicate blue grid from left to right
represents the years from 2000 to 2020, and the bold red grid
represents the years of the emergence of this keyword. Therefore,
the change in the knowledge structure of geothermal research is
clearly demonstrated. The keyword with the longest burst time is

“geochemistry,” which first appeared in 2000. Although the burst
ended in 2007, it has always been an economical and effective
means for geothermal exploration and development. Moreover,
the keywords with vigorous emergent intensity are “heat flow,”
“origin,” and “fluid inclusion,” and for terrestrial heat flow is the
most direct surface manifestation of geothermal energy. The
geothermal evolution process can be inferred from the
excellent correlation between fluid inclusions and ancient
Earth to trace the source of the geothermal system (Vivo
et al., 1989; Moore et al., 2001). “Thermal performance,”
“exergoeconomic analysis,” and “hydraulic fracturing” are the
latest burst term (Table 3). For instance, the following aspects are
attracting a large number of researchers to study: 1) In the
development of shallow geothermal energy and hydrothermal
geothermal resources, how to improve the thermodynamic
performance of the ground source heat pump (Hou et al.,
2020; Ozturk et al., 2020; Pishkariahmadabad et al., 2021; Ural
et al., 2021). 2) How to prolong the service life of deep borehole
heat exchangers, using the exergoeconomic method and
thermodynamic modeling; in order to optimize the benefits of
geothermal power plants (Fiaschi et al., 2014; Pambudi et al.,
2018; Martínez et al., 2020; Yan et al., 2021). 3) Under the
conditions of high pressure and high temperature, how to

TABLE 3 | Burst term information of geothermal.

Keyword Strength Begin End 2000–2020

Geochemistry 23.32 2000 2010

Origin 43.05 2000 2008

Fluid inclusion 41.91 2000 2008

Mantle 27.52 2000 2008

Evolution 30.12 2000 2007

Metamorphism 17.40 2000 2007

Age 14.80 2001 2009

Heat flow 43.08 2001 2008

Geothermal fluid 13.98 2002 2011

Mineralization 14.89 2002 2006

Hydrothermal system 17.54 2003 2008

Climate change 15.22 2007 2011

Boron 14.23 2007 2009

Seismicity 15.97 2008 2015

Renewable energy 19.27 2009 2011

Convection 15.85 2009 2013

Heat exchanger 14.11 2015 2018

Thermal performance 18.57 2018 2020

Exergoeconomic analysis 21.98 2018 2020

Hydraulic fracturing 15.16 2018 2020
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overcome the difficulty of hydraulic fracturing in hard and tight
rock (Abuaisha et al., 2016; Yoo et al., 2021; Zhou et al., 2021),
accelerating the use and development of hot dry rock resources.

Based on the three sub-sections mentioned previously, it is
evident that dynamic frontiers occur in late and crucial nodes. In
addition, there are still shortcomings in global geothermal
research: 1) the theory and mechanism of geothermal genesis
is relatively vague. The current evaluation methods for
geothermal resources are relatively simple. 2) The sensitivity of
geophysical and geochemical detection instruments is low. The
efficiency of the drilling equipment has not been effectively
improved. 3) Geothermal energy policy is insufficient.
Supervision and regulations are not sufficiently complete.

Further studies should focus on genesis theory and
evaluation methods for deep geothermal resources. In the
future, scholars need to pay more attention to the theories
of ductile flow in the lower crust, structural heat accumulation,
and oceanographic geothermal. Technicians should
strengthen the research and development of the following
aspects, including geothermal reservoir detection
equipment, heat transfer materials, and drilling technology
under high temperature and high pressure. In addition, the
government should establish a unified standard for geothermal
resource development and utilization. Therefore, it is
necessary to promulgate relevant management policies and
regulations. The environmental problems caused by recharge,
CO2 fracturing, and earthquakes induced by the development
of geothermal resources cannot be neglected.

4 CONCLUSION

Through quantitative and qualitative analyses of the status and
development dynamics of geothermal research, the following
conclusions can be drawn:

(1) The research system has been basically formed, thanks to the
outstanding contributions of geoscience institutes in the
United States, China, Germany, etc.

(2) Geothermal research initially concentrated on basic theories
such as terrestrial heat flow, then gradually shifted to
geothermal reservoir and geothermal power generation,
and finally focused on hot dry rocks.

(3) The current hot spots of geothermal research can be classified
into five clusters: “clean and renewable energy utilization,”
“development of medium and high-temperature geothermal
energy,” “genesis and evolution of geothermal system,”
“groundwater,” and “geochemistry.”

(4) The following aspects will be the frontier of geothermal research:
improving the structure of the ground source heat pump to
efficiently develop shallow geothermal energy, use of the
enhanced geothermal system to exploit hot dry rock
resources, how to use numerical simulation to achieve multi-
field coupling, and how to use geothermal energy generation to
achieve energy conservation and emission reduction.

In terms of the global energy strategy, geothermal energy
development also needs to take full account of national policies.
Scholars, technicians, and the government should make efforts to
address the challenges and frontiers to promote sustainable
geothermal energy development. International cooperation
promotes geothermal exploration in developing countries.
Legislation first lays a foundation for the management of
geothermal energy. Policy incentives then promote the large-
scale development and utilization of geothermal energy. The
goals of carbon neutrality, energy savings, and emission
reduction then become feasible.

This study has some limitations. The screening of
terms requires repetitive manual work, and the magnitude of
the terms is still not uniform through the clustering algorithm. To
obtain more accurate results, visualization software needs to be
optimized by secondary development in the future.
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