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Abstract. The radioactive decay of isotopes is one of the most important sources of heat in the Earth's interior. The main radiogenic elements in the
crust are U, Th, and K in granitoids. Radiogenic granites are becoming increasingly important as they support the development of the renewable
energy sector. This study provides an in-depth review of the development of Enhanced Geothermal Systems (EGS) technology. Many countries, such
as France and the UK, have initiated and contributed to energy production using EGS technology. In addition, this study calculates the potential
production capacity of radiogenic granites in the Eastern Pontide Oraganic Belt (EPOB) and assesses their significant contribution to the Turkish
economy in line with the Sustainable Development Goals (SDGs). The total area of radiogenic granites within the EBOP is 7116.35 km? and these
granites contain average concentrations of U 3.25 ppm, Th 16.44 ppm, and K 3.7%. The plutons studied can generally be classified as medium to low
heat producing granitoids. Ayeser, Camibogazi, and Ayder (3.36-6.98 yW/m?®), which are close to the average heat production value of the continental
crust (5 yW/m?), may be suitable areas for EGS. Currently, EBOP granites have the capacity to produce 61 x 109 kWh of electricity. In addition to
electricity, heat from granites can be used for other applications such as space heating and greenhouse cultivation.
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1. Introduction economic use of low permeability conductive rocks. This

optimisation is achieved by establishing fluid connectivity in
initially low-permeability rocks through various techniques such
as hydraulic, thermal, or chemical stimulation. Various countries
have ventured into energy production using EGS technology.
For instance, France has successfully implemented EGS for
power generation, contributing 10 MWe of capacity. The United
Downs Deep Geothermal Power Project in Cornwall, UK, has
also made significant progress in this area, with a capacity of 3
MWe. Despite countries such as France (Baumgartner et al.,
1995), Australia (Chen, 2010), Germany (Breede et al, 2013),
and England (Brown, 2022) actively pursuing research and
development in the field of EGS, Turkey has yet to implement
EGS technology. As of 2022, Turkey's power generation
capacity will reach 1682 MWe, and total installed direct heat use
utilization amounted to 5113 MWt. These figures highlight
Turkey's efforts to diversify its energy sources and move
towards a more sustainable energy landscape. Turkey is heavily
dependent on fossil fuels as its primary energy source, with an
annual energy demand of approximately 384 billion kWh.
However, Tirkiye is located in an active tectonic zone due to
its geological location. Although Turkey ranks fourth in the
world and first in Europe in terms of geothermal energy
production, it has many geothermal areas that have not yet been
discovered but have potential (Jennejohn et al. 2012; Sener et
al., 2017). Turkey benefits from medium and high temperature
geothermal fields due to its location within an active tectonic
zone and a young volcanic belt. Among these locations, the

Although the world's energy resources are limited, the
energy demand is increasing every day due to population
growth and industrialisation. Rapid population growth and
global social, economic, and industrial development are
increasing energy demand (IEA, 2015). The use of fossil fuels is
increasing day by day to meet this growing demand. The
increasing use of fossil fuels has increasingly harmful effects on
the global environment. Due to the problems associated with
the use of fossil fuels, the need for alternative energy sources
has increased since the late twentieth century. For a more
livable world, renewable energy sources need to be expanded
(Ozkan et al, 2011; Giellen et al., 2019; Sener, 2019). In addition
to being one of the renewable energy sources, geothermal
energy is also a local and national resource. Therefore,
expanding the use of renewable energy resources, such as
geothermal energy, will contribute to the country's economy
and also help to close the energy gap. The cost of renewable
energy is significantly lower compared to other energy sources,
ranging from 50% to 80%. Moreover, this percentage is steadily
increasing with each passing day (Everett, 2007; Sener, 2018).
Hydrothermal energy sources are typically confined to specific
locations in volcanic regions, subduction zones, and deep
continental rift valleys. EGS, on the other hand, is not site
specific and can be implemented anywhere on the planet using
the heat generated by granites (Tester et al., 2006; Sener and
Baba, 2019). Enhanced Geothermal Systems (EGS) refer to
geothermal reservoirs that have been optimised for the
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Fig 1. Tectonic units and structural zones of Turkey and location of the EPOB (modified from Okay and Tiiystiz, 1999).

EPOB stands out as one of the regions with medium enthalpy
geothermal resources (Karakaya et al., 2007; Bayramoglu, 2018;
Giiltekin et al., 2019; Hatipoglu Temizel et al., 2019; Yiicel, 2019;
Hatipoglu Temizel et al, 2020; Vural and Giindogdu, 2020;
Karayel et al., 2022; Sener et al., 2023) and EGS potential (Sener
et al., 2022; Figure 1).

In addition to electricity generation, EGS technology
offers significant advantages in terms of thermal applications
such as suburban heating, greenhouse operation, drying
processes, and even energy supply for the fishing industry.
However, no studies have been conducted to investigate the
EGS potential of the EPOB. This study represents the first
research to evaluate the development of radiogenic granites in
the EPOB region, focusing on their heat generation capacities
and heat fluxes determined by their uranium, thorium, and
potassium contents. It also compares the levelized cost of EGS

with alternative energy sources and assesses the potential of
EGS to facilitate future energy systems. In this study: (1). The
heat generation capacity of granites in the EPOB was
determined using published data on the uranium, thorium, and
potassium contents of granites. (2). Estimates of the total power
and heat production potential of these granites have been
presented. (3). Technologies for extracting heat from the
subsurface are presented, taking into account the specific
characteristics of the granites in question. (4). The current
potential of hydrothermal resources in the region for electricity
and heat production has been examined.

2. Study Area

The study area, first defined by Ketin (1966) as the
"Eastern Pontide Orogenic Belt (EPOB)", is located in
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Fig 2. Granite intrusion of the EPOB, data sources is given in Table 1.
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northeastern Turkey. The geodynamic evolution of the EPOB
has different interpretations due to the lack of geochronological,
geochemical, and structural data. The EPOB is 500 km long and
200 km wide (Figure 2). In general, there are three different
views of the geodynamic evolution of the EPOB. The first view
is that the EPOB was formed by the northward subduction of
the oceanic lithosphere from the Palaeozoic to the Eocene
(Adamia et al, 1981; Tokel, 1981; Ustadmer and Robertson,
1996; Rice et al. 2006). The second view is that the EPOB was
formed by the southward subduction of the oceanic lithosphere
from the Paleozoic to the Middle Jurassic (Sengér and Yilmaz,
1981; Yilmaz et al.,, 1997; Karsh et al., 2012). The third view is
that the EPOB was formed as a result of the southward
subduction of the oceanic lithosphere from the Paleozoic to the
Eocene (Bektas et al, 1999; Eyiiboglu et al, 2011). The
metamorphic units represent the oldest rocks of the EPOB,
which is an important region within the Alpine-Himalayan belt
(Eytiboglu et al., 2018; Eytiboglu et al., 2021). Furthermore, the
region is characterised by the presence of different granite and
granodiorite formations that can be attributed to different
periods (Figure 2).

Significant lithological changes from north to south are
observed in the EPOB in the Late Cretaceous. Volcanic rocks
and granite intrusions formed as a result of intense magmatic
activity in the northern belt are the dominant lithological
features (Yilmaz and Boztug, 1996; Okay and Sahintiirk, 1997;
Karsli et al,, 2004; Boztug et al., 2006; Kaygusuz et al., 2010;
Kaygusuz and Aydincakir 2011; Aydingakir and Sen, 2013;
Aydincakir, 2016), while the southern part is characterised by
the Cenozoic sedimentary sequence (Yilmaz and Boztug, 1996;
Sen et al, 1998; Boztug vd., 2004; Arslan and Aslan, 2006;
Temizel et al, 2012; Arslan et al, 2013; Aydingakir and Sen,
2013; Aydingakir, 2014; Aydingakir, 2016; Temizel et al., 2016).
The EPOB is also one of the regions with EGS potential. Heat-
generating granitoids in the EPOB are spread over an area of
7116.35 km? Although the whole area is considered as low to
medium heat-producing granitoids in terms of radiogenic heat
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production values, Ayeser, Camibogazi, and Ayder, located in
an area of 259.64 km? with a value of 3.36-6.98 yW/m?3, are
among the high heat-producing granitoids.

3. Method of study

This study aimed to analyse the potential for power generation,
greenhouse heating, and balneotherapy through the application
of EGS in EPOB. The advantage of this region is that these
granites occur at shallow depths and with high heat flow
regimes at shallow Curie Point Depth (CPD). The EPOB region
covers a significant area of Late Cretaceous to Paleocene
radiogenic granites with an area of 7116.35 km?. (Boztug et al,
2007; Kaygusuz et al., 2012a; Kaygusuz et al., 2021a). The aim is
to evaluate the feasibility and benefits of using EGS technology
for these specific applications in this field. In this context, K, U,
and Th values of granite samples from 28 different locations
within the EPOB, compiled from 28 different studies, were used
(Table 1 and Figure 3). The U and Th are geochemically
classified as trace elements, while K is considered the major
element and is usually represented by the oxide K-O.
Radioactive heat production (A), heat flow (Q) values of granites
from different sites were calculated from U (uranium), Th
(thorium) and K (potassium) contents (Table 1).

The radiogenic heat production (A) rate is a physical
property that defines the amount of heat that is liberated per
unit time per unit volume of rock by the decay of unstable
radioactive isotopes. The granites of the EPOB contain high
concentrations of uranium (U), thorium (Th), and potassium (K),
resulting in above average calorific values and significant heat
production. The heat fluxes of these granites were determined
using the equations proposed by Rybach (1976) and Cermak et
al. (1982).

A(UW/m?) = 102 * p * (9.52Cy + 2.56C + 3.48Cx) (1)

Table 1
The ages and uranium, thorium, and potassium contents of the radioactive granites in the EPOB
gI:cfe Name K (%) U (ppm) Th (ppm) Age Reference

1 Aksu 4.7 2.2 20 Late Cretaceous—Paleocene ? Yilmaz and Boztug, 1996
2 Arpakoy 2.96 3.1 7.4 82.0+23M Kaygusuz et al., 2021a
3 Artabel 4.26 4 12.1 Paleozoic? Temizel et al., 2018
4 Ayder 3.75 3.5 33 41.2 £0.89 Yilmaz Sahin et al., 2004
5 Ayeser 5.23 12.6 47 74.73 £ 0.86 Kaygusuz et al., 2012a
6 Camibogaz 3.97 4.1 28 74.73 £ 0.86 Kaygusuz et al., 2012a
7 Camlikaya 2.71 2 10 57.1+1.2 Boztug et al., 2007
8 Dagbas1 1.7 1.2 6.1 86.0 £ 2.0 Kaygusuz and Aydingakir, 2011
9 Derinoba 4.3 2.9 7.5 311.1£20 Kaygusuz et al., 2012b
10 Dolek 5.08 2.8 10 435*09 Karsli et al., 2007
11 Erenkaya 3.46 1.8 9.4 303.8%1.5 Kaygusuz et al., 2021b
12 Eriko Tepe 4.64 3.9 18.8 Late Cretaceous -Eocene? Temizel et al., 2018
13 Gol Tepe 4.19 3.7 10.5 Late Cretaceous -Eocene? Temizel et al., 2018
14 Gumiishane 3.42 2.2 11 107+ 2.1 Topuz et al., 2010
15 Hamsikoy 3.32 3.3 14.2 53.5+0.3 Karsli et al., 2011
16  Harsit 4.34 3.2 22 7943 Karsh et al,, 2010
17  Kayadibi 4.74 3.5 20.5 317.2+£35 Kaygusuz et al., 2012b
18  Kilickaya and Kozluk 3.9 3.5 12.8 46.9£0.6 Kaygusuz and Aydingakir, 2011
19  Kopribasi 3.18 2.2 15.2 793+ 1.4 Kaygusuz and Sen, 2011
20  Kopristi 2.69 3.1 14.2 46.4%1.0 Boztug et al., 2007
21 Ozdil 0.46 2.9 5.5 340.7 £ 1.8 Ma Kaygusuz et al., 2012b
22 Samistal 5.19 49 40 42.4 +£0.87 Yilmaz Sahin et al., 2004
23 Saricicek 4.43 3.2 15 44111 Karsh et al., 2007
24 Sirtyayla 3.51 2.3 17 529+ 13 Boztug et al., 2007
25 Siirmen 3.09 2.1 16 783+ 15 Yilmaz and Boztug, 1996
26 Tamdere 3.87 1.1 16 624125 Yilmaz and Boztug, 1996
27  Tashyayla 3.06 2.8 8 Late Cretaceous? Kaygusuz et al., 2021b
28 Torul 3.07 3.1 11 72.1+36 Kaygusuz and Sahin, 2016
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Fig 3. Spatial distribution of K (%), U (ppm), and Th (ppm) statistics in the EPOB (location numbers and element values are given in Table 1)

where, A is the heat production of the granite, p(g/cm?) is the
density of the granite (the average density for granitoid is 2.7
g/cm?; Cooper et al., 2010; Chandrasekharam et al., 2022), Cu is
uranium (ppm), Ctn is thorium (ppm), and Ck is potassium (%)

Deep geothermal investigations based on heat flux data
are the main method of exploring the deep thermal state of the
lithosphere. Heat flux represents the heat that is transferred by
conduction per unit area per unit of time from the Earth's
interior to the surface and then radiated into space. Under one-
dimensional steady state conditions, heat flow is the product of
the thermal conductivity of the rock and the vertical geothermal
gradient. Surface heat flux values are calculated using the
Lachenbruch (1979) equation:

Q=Q+D*A (2)

where Q is the surface heat flow, Qo is an initial value of the heat
flow independent of the specific decay of the radioactive
element at a certain time, D is the thickness of rock over which
the distribution of radioactive elements is almost homogeneous,
A is the radioactive heat production

The study also examined the economic benefits of EGS as
a primary energy source, taking into account the progress and
results of ongoing EGS projects around the world. In addition,
the study sought to provide alternative projections for
policymakers, investors, and energy stakeholders by examining
the economic feasibility, cost effectiveness, and potential

financial benefits of EGS technologies. In addition, the study
sought to highlight Turkey's potential to use both EGS and
hydrothermal energy sources as strategic tools to reduce CO2
emissions, combat global climate change, and promote
sustainable development. The development of EGS and
hydrothermal energy sources can ensure long-term energy
security, create jobs, and promote sustainable economic growth
in the country. Overall, this study highlights the potential of EGS
and hydrothermal energy sources as critical elements in
achieving Turkey's sustainable energy transition, environmental
management, and climate change mitigation goals.

4. Results
4.1 Radiogenic Heat Production of Granites

Statistical studies show that the thermal contributions of the
Earth's heat-generating elements U and Th are currently
relatively similar, about 40% each, while the thermal
contribution of K is relatively small (~20%) (Arevalo et al., 2009).
Figure 4 shows the variation of radiogenic elements in the cores
of different areas and their proportions. It can be seen that the
volumetric heat production of the rocks increases with
increasing U, Th, and K concentrations.

The U and Th have a significant positive relationship with
heat production (Figure 5a, Figure 5b), while the correlation
between K concentration and heat production shows significant
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Fig 4. Spatial distribution of A (WW/m?®) statistics in the EPOB (location numbers and element values are given in Table 1 and Figure 2.)

scatter (Figure 5c). This may indicate that the proportion of K in
the total heat production is relatively small in terms of heat
contribution. The radiogenic elements found in the study area
are shown in the U-Th-K triangle (Figure 5d), indicating that U
and Th are the main components of radiogenic heat. The EPOB
data are relatively concentrated, with average thermal
contributions of Th and U between 23% and 36%. In contrast,
the contribution of K is relatively low, averaging less than 13%,
which is closer to the global average. This indicates that the
radiogenic contribution of U in the EPOB is relatively high,
which is consistent with the results obtained by Arslan et al,,
(2023). Statistical results show that the Th/U ratios of the
granites in the study area vary between 1.9 and 14.554, with an
average value of 5.45, which is consistent with the average
Th/U ratio of 4.2 in the upper crust (Van Schmus, 2013).
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4.2 Heat flow

The average crustal thickness of the EPOB region varies
between 14 km and 27 km, with an average thickness of about
20.5 km (Maden et al, 2009). In recent years, geophysical
investigations have been carried out to reveal the crustal
structures and heat flux properties that indicate the geothermal
potential of EPOB (Bektas et al, 2007, Maden et al, 2009,
Pamuk, 2019, Elmas, 2021). In addition, surface heat flux
density values vary between 66.5 and 104 mW/m? (Maden et
al., 2009). The very high mantle heat flux density, which reaches
48 mW/m? in the region, is attributed to lithospheric mantle
melting caused by asthenospheric uplift (Maden, 2012). Pamuk
(2019) also suggested that the heat flux values in the southern
part of the EPOB are between 75 and 95 mW m? Considering
the estimated natural heat flux from the mantle of 85 mW/m? in
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Fig 5. Radiogenic heat production versus concentrations of radiogenic (a) Th, (b) U, and (c) K ratios and (d) Ternary scatter plot of heat

production of all of the samples gathered from the EPOB
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the EPOB region and the crustal thickness of 20.5 km, the
estimated heat flux in this region is extremely high, as shown in
Table 2. According to Turcotte and Schubert, 2002, the
radiogenic heat production of granitoids contributes 65 mW/m?
to the continental surface heat flux, of which 40% is due to
radiogenic heat production in the crust and 60% in the mantle.
For this reason, radiogenic heat from granitic plutons in the
EPOB may play an important role in the crustal surface heat flux
characteristics of the region. Therefore, the Paleogene Ayeser,
Ayder, and Camibogaz granite intrusions have the highest A
(MW/m?®) 6.98, 3.53, 3.36, and Q (mW/m?) 322.2, 194.7, 188.4
values, respectively, while the granodiorite intrusions in the area
have 0.89-2.76 A (WW/m?®) and 96.9-166.2 Q (mW/m?®) values
(Table 2 and Figure 6).

4.3 Hydrogeological settings

The lithological units in the geothermal areas of the EPOB are
classified according to their hydrogeological characteristics.
The main granitoids (including granite, granodiorite, and
tonalite) are widely exposed and show permeability due to
fracture systems, within the geothermal areas of the study area.
Intensive weathering processes are evident in the granodiorites,
which consist mainly of quartz, plagioclase, alkali feldspar,
hornblende, biotite, and muscovite. The weathering products
include clay minerals, chlorite, sericite, and epidote minerals
(Gtrsel, 1991). In areas, the well-developed fracture system in
the major granitoid rocks facilitates the migration of meteoric
water from deeper regions to the surface. The heated water by
deep circulation is stored in fault zones and fractures of the main

Table 2
The radioactive heat production A (WW/m?®) and heat flow Q (mW/m?) values of certain granitic intrusive in the EPOB
Map_Code Name A (MW/md) Q (mW/m?3) Square km

1 Aksu 2.39 152.0 1247.6
2 Arpakoy 1.59 122.0 16.8
3 Artabel 2.26 148.0 315.6
4 Ayder 3.53 194.7 3145.7
5 Ayeser 6.98 322.2 113.7
6 Camibogazi 3.36 188.4 113.7
7 Camlikaya 1.46 118.0 3145.7
8 Dagbasi 0.89 96.9 31.9
9 Derinoba 1.67 125.7 16.5
10 Dolek 1.89 133.9 62.9
11 Erenkaya 1.44 117.2 356.9
12 Eriko Tepe 2.74 165.3 16.8
13 Gol Tepe 2.07 140.6 20.9
14 Giimiighane 1.65 124.9 356.9
15 Hamsikoy 2.14 143.24 0.90
16 Harsit 2.14 143.2 1247.6
17 Kayadibi 2.75 165.8 0.4
18 Kilickaya and Kozluk 2.76 166.2 10.4
19 Kopribast 2.15 143.6 14.7
20 Kopristi 1.91 134.9 3145.7
21 Ozdil 2.03 139.2 1.3
22 Samistal 1.17 107.3 3145.7
23 Saricigek 2.28 148.2 62.9
24 Sirtyayla 2.10 141.6 3145.7
25 Stirmen 1.94 135.6 1247.6
26 Tamdere 1.75 128.8 10.4
27 Taslyayla 1.56 121.7 139.9
28 Torul 1.85 132.3 74.1
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Fig 7. The annual contribution (a) and probable target to be reached in the future (b) of geothermal energy to the Turkish economy in terms of

electricity and direct use (USD/year).

granitoid rocks. It then rises to the surface under hydrostatic
pressure. The debris rocks on granitoid rocks act as caprock for
geothermal systems. In addition, geothermal water
temperatures in the geothermal areas of the EPOB generally
vary between 38 and 60°C. The water types generally consist of
Na-Ca-SO4, Na-Ca-HCOs;, and Na-Ca-HCO3-SO4, and the pH
values vary between 7 and 9.3 (Hatipoglu Temizel et al., 2019).

4.4 Contribution of Geothermal Energy to the National Economy

One of the main economic benefits associated with geothermal
energy is its potential to minimize dependence on imported
fuels. Consequently, directing domestic investment towards the
development of geothermal energy resources can effectively
reduce the trade deficit while maintaining a robust level of gross
domestic product (GDP). In addition to its environmental and
energy security benefits, geothermal heating has a cost
advantage of at least 60% over fossil fuels. In many locations,
the cost of geothermal heating is currently around 70% less than
the cost of natural gas (based on local domestic tariffs). This
significant price difference becomes even more significant when
considering the use of natural gas for domestic heating. This
illustrates the significant contribution of geothermal energy to
the country's economy. Compared to the current cost of natural
gas, which is approximately 13.32 TL/m? (based on the BOTAS
natural gas wholesale price tariff for July 2023), geothermal
energy offers a significantly more economical option,
amounting to approximately one eighth of the cost. This
significant cost advantage benefits both the state and the
general public. The specific details of the economic contribution
of geothermal energy in terms of electricity generation and
direct use can be found in Figure 7. Based on the calculations,
the direct contribution of geothermal applications to the
economy totals 3,918,411,000 USD (excluding factors such as
employment, natural gas savings, and CO, emission reductions).
Additionally, taking into account an estimated 5% attributed to
unknown and unrecorded factors, the direct contribution of
geothermal applications to the economy can be approximated
at around 4.1 billion USD per year (Sener et al, 2022).

Given the economic benefits, it is recommended that
priority be given to the development of regions in Turkey with
significant geothermal potential, using technologies such as
EGS. It should be noted that EGS is currently under
development and the estimated cost of electricity generation
may vary depending on factors such as the heat flow and heat
generation capacity of the granites present in the respective
areas. The Curie Point Temperature of 14.3 £ 0.7 -27.9 + 1.4
km (Maden et al., 2009) and the high heat flux of granites of 2.83
+ 1.39 yWm™3 (Maden and Akaryali, 2015) are an additional
advantage for the EPOB. Although the cost of energy produced

from fossil fuels appears to be lower than that of renewable
energy sources, it is important to consider the overall cost
implications (costs incurred due to import and export deficits
and environmental impacts). In addition, according to the
results of the Turkish National Energy Plan, electricity
consumption is expected to be 380.2 TWh in 2025, 455.3 TWh
in 2030, and 510.5 TWh in 2035. Electricity generation in 2022:
coal: 34.6%, natural gas: 22.2%, hydropower: 20.6%, wind:
10.8%, solar: 4.7%, geothermal: 4.7%: 4.7%, geothermal: 3.3%
and other sources: % 3.7. The distribution of Turkey's installed
capacity, which reached 104,496 MW at the end of April 2023,
by resource is as follows 30.2% hydro, 24.3% natural gas, 20.9%
coal, 11% wind, 9.5% solar, % 1.6 geothermal and 2.5% other
sources. In addition, the number of power plants in Turkey
reached 11,941 (including unlicensed power plants) at the end
of April 2023. The distribution of power plants by resource is as
follows: 751 hydro, 67 coal, 361 wind, 63 geothermal, 345
natural gas, 9,863 solar, and 491 other power plants (Turkey
National Energy Plan, 2022).

5. Discussion

Turkey is at the forefront of implementing laudable efforts in the
field of renewable energy, paying special attention to the
effective use of geothermal resources, facilitating sustainable
development, and accelerating economic growth. One of the
effective uses of geothermal resources is EGS studies, and the
effective implementation of these EGS studies in countries such
as France and Australia serve as a promising indicator for the
prospective integration of granites with advanced thermal
capacity as an important component in the global energy supply
paradigm. These advances highlight the potential of EGS
technology to harness the abundant thermal energy latent in
geological formations, thereby signaling a feasible and
sustainable solution to meet the ever-increasing global energy
demand (Vigneresse et al., 1987; Chen, 2010, Omenda et al.,
2012; Zhang et al., 2014; Arslan et al., 2023). EGS is a conceptual
approach in which a series of fractures are deliberately created
in a high-temperature (radiogenic) granite at a depth of 2 to 5
km. The main purpose of this process is to increase the porosity
and permeability of the granite formation. Fluids such as water
or supercritical carbon dioxide are then injected into these
fractures to facilitate the release of the heat trapped in the rock,
making it available for a variety of applications such as power
generation, domestic heating, and greenhouse farming. A single
well in such an EGS system has the potential to produce
approximately 3 to 4 megawatts of electricity (MWe) and 20 to
40 megawatts of heat (MWt) (Cooper et al., 2010; Breede et al,,
2013; Koelbel and Genter, 2017; Pan et al, 2019;
Chandrasekharam and Baba, 2021; Chandrasekharam et al.,
2022; Baba and Chandrasekharam, 2022). In the proposed
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system, the heat produced by the EGS is transferred to a low
boiling point fluid via a heat exchanger. This fluid operates at
high pressure. The resulting pressurised steam is fed to a turbine
which drives the generator. This arrangement typically uses
Organic Rankine Cycle (ORC) technology to convert thermal
energy into electricity. This process of extracting energy from
granite is characterized by its cleanliness and absence of
emissions. In addition, as the heat source comes from the
ground, it provides a continuous and sustainable energy supply.
This heat can be used directly for applications such as space
heating and greenhouse cultivation, providing additional
benefits beyond electricity production (Baba and
Chandrasekharam, 2022). The Anatolian Plate, characterized by
extensive granite intrusions, is an ideal region for the application
of EGS technology. Radiogenic granites found in this region
derive their heat from radioactive elements such as uranium (U),
thorium (Th), and potassium (K). The heat production capacity
of normal granites is about (~5uyW/m3) (Zhang et al., 2022). The
heat production of radiogenic granites in the Anatolian Plate
varies between 5.36 and 13.10 pW/m?, providing significant
potential for geothermal energy utilisation through EGS
technologies (Sener et al., 2023). Radiogenic granite areas in the
EPOB generally have average heat production capacity values
(range 0.89 to 4.51 yW/m?), while the Late Cretaceous Ayeser
granites have a higher heat production capacity than other areas
(6.98 yW/m?®). The EGS project conducted in the Cooper Basin
has shown that the development of 1 km® of geothermal
resources has the capacity to generate an estimated 79x10°
kWh of electricity over 30 years (Chen, 2010). This finding
suggests that long-term and sustainable energy production may
be possible through the use of EGS technology in geothermal
energy production (Cooper et al., 2010). Covering an area of
approximately 7116.35 km?, the EPOB is characterised by the
presence of highly radiogenic granite and granodiorite
formations. In addition, the granites and granodiorites in this
region are subject to compressive stress in the W-E direction of
the Izmir-Ankara-Erzincan Suture Zone (IAESZ). The unique
combination of radiogenic granite deposits and simultaneous
compressive stress makes the EPOB region a suitable
environment for the effective application of EGS technology.
Some of the granitic plutons within the EPOB have low
radiogenic heat production values (<3 yW/m?), so these plutons
are unlikely to provide a sufficient geothermal gradient for
direct economic use of heat. However, the Camibogazi, Ayder,
and Ayeser granite plutons can be considered as medium (3-5
PW/m?®) and high (>5 pW/m?) radiogenic granitoids. The area
of radiogenic granitoid that can produce heat is 259.64 km?, and
the electricity that a 1 km thick slab with an area of 259.64 km?
at a depth of 3 km can produce (knowing that 1 km?® can produce
about 79 x 10% kWh of electricity) is about 61 x 10° kWh of
electricity.

6. Conclusion

Turkey is located in an active tectonic region characterised by
a geologically young volcanic belt. In particular, EPOB is
located in the northeastern part of this dynamic tectonic region.
The radiogenic granites discovered at EPOB have significant
potential for applications in various fields such as thermal
suburbanization, greenhouses, desiccation, fisheries, and other
related fields suitable for medium enthalpy use. Some of the
granitic plutons within the EPOB have low radiogenic heat
production values (<3 yW/m?), so these plutons are unlikely to
provide a sufficient geothermal gradient for direct economic use
of heat. However, the Camibogazi, Ayder, and Ayeser granite
plutons can be considered as medium (3-5 yW/m?) and high (>5
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UW/m?) radiogenic granitoids. The area of radiogenic granitoid
that can produce heat is 259.64 km?, and the electricity that a 1
km thick slab with an area of 259.64 km? at a depth of 3 km can
produce (knowing that 1 km® can produce about 79 x 106 kWh
of electricity) is about 61 x 10° kWh of electricity. This shows
that the electricity that can be produced is equivalent to the
electricity consumption of approximately 2.5 million households
in the EPOB region for 117 months and will also pay for itself in
about 5 years. When compared to other energy sources (fossil
fuels), the electricity produced will contribute to both the
national economy and employment. For example, the average
gas consumption per household in Turkey is approximately
1000 m® which translates into an annual expenditure of
approximately 20,280 TL (equivalent to approximately 624
USD) for the residential gas consumer. However, this
expenditure can be significantly reduced by replacing gas
consumption with geothermal heat from both hydrothermal and
EGS sources. Detailed geophysical surveys such as the above,
magnetotelluric (MT), and deep resistivity measurements may
be useful in assessing radiogenic heat production. It is also
recommended that consideration be given to drilling an
exploratory well to monitor the thermal gradient and to obtain
core samples of the granite to allow complementary
petrophysical investigations. EGS power generation has the
potential to have a significant impact on the country's economy.
The implementation of resilient infrastructure and a
comprehensive renewable energy policy is essential as a critical
component of future strategies to reduce dependence on energy
imports. In addition, the use of energy from EGS can contribute
to increasing agricultural exports by increasing greenhouse
production. Finally, geothermal research needs strong support
from both local and central governments and stakeholders for
the successful implementation of EGS. Inadequate public
information and, in some cases, prejudice on the part of local
people are the main obstacles to the development and
implementation of new geothermal applications. Therefore, to
increase public acceptance, it is necessary to raise public
awareness that geothermal energy is a new, renewable, and
environmentally friendly energy source.
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