Environmental Earth Sciences (2022) 81:235
https://doi.org/10.1007/512665-022-10345-5

ORIGINAL ARTICLE q

Check for
updates

Carbon dioxide emissions mitigation strategy through enhanced
geothermal systems: western Anatolia, Turkey

Dornadula Chandrasekharam'® - Alper Baba'

Received: 3 September 2021 / Accepted: 11 March 2022 / Published online: 7 April 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Although Turkey is not the biggest GHG polluter, its emissions have increased by 110.4% since 1990. Currently, its CO,
emissions alone have crossed 400 Mt. Within the scope of 2 °C targets (2D scenario), the country can easily surpass this
target test by increasing its renewable energy sources as a primary energy source mix, by developing its Enhanced Geothermal
Sources (EGS) locked up in the radiogenic granites of western Anatolia. The radiogenic heat generated by these granites,
spread over an area of 4221 sq. km, varies from 5.3 to 16.34 uW/m?>. Based on the electricity generation capacity of granites
from Soultz-sous-Forets and Cooper Basin EGS sites, the combined electricity generation capacity of Kestanbol and Kozak
granite plutons is about 830 billion kWh. For the period extending from 2019 to 2023, Turkey is aiming at reducing the
usage of gas for electricity generation from 29.9 to 20.7%, increasing the share of renewable energy sources from 32.5 to
38.8%, increasing the electricity production from local energy sources from 150 to 219 TWh and increasing the electricity
usage per-capita from 3.7 to 4.3 MWh. These energy targets can be achieved by major contributions from hydrothermal and
EGS energy sources. This review demonstrates that besides electricity and heat, EGS energy can be utilized, together with
other renewable energy sources, such as hydrothermal, wind, and concentrated solar for providing fresh water through the
desalination process. These energy sources would provide food, energy, and water security to the country for several decades.

Keywords Enhanced geothermal source - CO, emissions - Climate change - Carbon trade - Renewable energy -

Desalination - Food security

Introduction

Turkey, with an area of 785,350 km?, and a population of
84 million, is one of the largest countries in Europe and the
Middle East. Turkey’s greenhouse gases (GHG) emissions in
2013 were 0.94% of the global emissions. Although Turkey
is not the biggest GHG polluter, its emissions have increased
by 110.4% since 1990. Currently, its CO, emissions alone
have crossed 400 Mt. Within the scope of 2 °C targets (2D
scenario, IEA 2014), the country can easily surpass this tar-
get test by increasing its renewable energy sources as a pri-
mary energy source mix, especially the geothermal energy.
The country need not drastically change its energy policy
except emphasizing the development of new geothermal
energy sources, such as the Enhanced Geothermal Systems
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(EGS) that are available in large amounts locked up in the
granites. The development of these energy sources will
offset gas imports and thus have an enormous influence on
the country’s macro-economic and Gross Domestic Prod-
uct (GDP). Turkey, located within the Mediterranean basin
that is very susceptible to climate change will significantly
impact temperature rise, water resources situations, rainfall
pattern changes, droughts, and sea-level changes. Turkey
has already experienced a rise in temperatures over the past
42 years (Yelden and Voyvoda 2015), especially during the
summer season. To a large extent, these factors will impact
the coastal regions of Turkey, especially those located along
the Aegean Sea. It is estimated that a one-meter rise in sea
level will affect nearly 3 million populations in Turkey
(Yelden and Voyvoda 2015).

Primary energy that can substitute the fossil fuels energy
sources should generate base-load electricity and have a low
carbon footprint with maximum efficiency. Even if Turkey
can lower the carbon intensity curve between 2 and 4D (from
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98 to 95, circle in Fig. 1), this will lower the climate-related
effects to a lag extent.

All the 195 countries under the CoP (Convention of Par-
ties), as agreed during the Paris 2015 CoP conference, are
not able to commit to reducing the use of fossil fuels as
primary fuels and reducing CO, emissions, because these
countries are not able to find robust alternate energy sources
that can generate base-load electricity and work with an effi-
ciency of 80% and above with zero carbon or low carbon
footprint. Although during the COVID-19 pandemic, CO,
emissions declined by about 5.8% globally in 2020, emis-
sions started rising drastically in late December 2020, and
it is estimated to cross 33 gigatons of CO, in 2021, reg-
istering a 1.2% lower than the level of 2019 (IEA 2021a,
b). However, technological advancement is creating hope to
meet 2D or 4D scenarios by 2030. This hope will become a
reality only when the usage of fossil fuels shows a decline.
According to the Energy Sector Carbon Intensity Index
(Carbon intensity index of energy production is measured
as the quantity of carbon dioxide emitted per unit of energy
production. This is measured in kilograms of CO, per kilo-
watt-hour), if the countries follow business as a usual model
(BUM), then the world is heading towards disaster (IEA
2014). However, electricity generation through renewable
energy sources is on track by many countries and making
convincing progress, including Turkey, thus creating a hope
to bend the CO, emissions curve by 2050 (see Fig. 1).

Although Turkey has large hydrothermal resources, gen-
erating about 1576 MWe from 346 known geothermal fields,
its full potential of 4000 MWe is yet to be exploited (Baba
et al. 2020). Besides the hydrothermal source, Turkey has
large high heat generating granites spread over the entire
country, and most of them are located in the western part
of Anatolia. There is a large amount of energy locked up
in these granites that need to be explored and exploited.
Within the scope of this study, the energy potential that can
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Fig. 1 Carbon intensity index showing the influence of renewables in
the modified 2D and the 4D scenarios (modified after IEA 2014)
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be obtained from granites and its contribution to both the
economy and climate change were evaluated in this study.

Energy consumption

Turkey is consuming about 384 billion kWh of electricity
per year (the year 2020, from fossil fuels alone) with per-
capita energy consumption of about 4659 kWh (Diddglio
et al. 2020; IEA 2021c). Over the last decade, the primary
source of energy supply to Turkey is mainly from fossil
fuels, and they will continue to contribute to the primary
energy source for the next decade (Table 1).

The energy consumption by Turkey from all the energy
sources (Table 1) is growing as the demand is surging due
to population growth of 1.4% annually. Amongst the fossil
fuels, the contribution by gas as a primary energy source
is 19% (IEA 2021a, b, c). This energy demand is expected
to grow beyond 70 Mtoe in the coming decade (Table 1,
Fig. 2) supported by hydropower which is projected to
increase by twice the reported value (116,300 GWh) in

Table 1 Primary energy sources in Turkey

2008 2010 2020 2030
Fossil fuels (Mtoe) 18.58 27.45 32.99 354
Nuclear 7.3 14.6
Hydro 3.66 5.34 10 10
Geothermal 0.74 0.98 1.71 3.64
Biomass 5.1 5.12 4.96 4.64
Solar and wind 0.78 1.05 2.27 4.28
Total production 28.86 39.94 59.23 72.56

Adapted from Keles and Bilgen (2012), Diddglio et al. (2020), IEA

(2021a, b, ¢)
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Table 1, to 208,488 GWh by the year 2023 itself (IEA
2021c¢). Thus, more than half of the energy supply to Turkey
is supported by imported fossil fuels, while the country has
significant potential to offset fossil fuels with geothermal
energy sources and reduce fuels imports, CO, emissions and
increase its GDP. In 2020 Turkey's gas consumption was
48 billion m* while it imported 44.2 billion m? of gas. In
the first quarter of 2021, gas imports to Turkey from Russia
have increased by 18% year on year y-o-y basis (IEA 2021c¢).
According to IEA (2021a) , demand for natural gas is set to
rebound in 2021, and the demand will keep rising over the
next decade, defeating the 2D goal set by the IPCC (2018a,
b) unless countries. This indicates that Turkey has to push
the renewable sector hard to achieve the target of 2D set by
the IPCC (2018a; b).

The average household gas consumption in Turkey is
about 1000 m? in 2020, and the annual amount paid by the
household gas consumer is about 2000 TL (about 200 Euro).
There is scope to offset household gas consumption by geo-
thermal energy (heat) and reduce CO, emissions and reduce
the consumer cost of energy below this amount (Worldme-
ters 2021).

To achieve sustainable economic growth, efficient and
diversified energy sources (renewable and non-renewable
sources) are essential. In addition, the cost of renewable
energy sources (RES) should be affordable by the country.
In this context, there is a great opportunity for the country
to promote renewable energy, especially geothermal energy,
because it has a significant geographical location in terms
of its renewable energy capacity. Besides, Turkey can use
almost all known renewable energy sources, such as solar,
wind, geothermal, hydro, wave, and biomass. Today, renewa-
ble sources compose almost 48 percent of the whole energy-
producing capacity in Turkey, with hydropower topping the
renewable energy list. Energy generation with renewable
sources is increasing globally. By the year 2030, Turkey’s
energy demand is expected to increase from the current 60
Mtoe to 100 Mtoe (Fig. 2) in another decade, a nearly 100
percent increase. To comply with the country’s 2023 vision,
the Ministry of Energy and National Resources (MENR)
encouraging the share of renewable energy resources in the
primary energy source mix by augmenting the renewable
energy source share to 61,000 MW by 2023 with a major
contribution of 34,000 MW from hydropower, 20,000 MW
from wind, 1000 MW from geothermal, 5000 MW from
solar and 1000 MW from biomass sources (WECTNC 2009;
Erdin and Ozkaya 2019; Diddglio et al. 2020).

To mitigate CO, emissions and sustain growth in GDP,
Turkey has two options to adapt (Diddglio et al. 2020) one
is the Reference Scenario (RS) and the other the Alternative
Scenario (AS). In the RS the electricity demand will grow
by 93%. Diddglio et al. (2020) forecasts that the electricity
demand will increase 93% under RS by 2040 but AS may

restrict this growth to only 64%. What Turkey needs is a
technology-driven transformation in all energy sectors under
AS to achieve the desired target compatible with 2D or 4D
scenario of IEA (2014). This needs an annual budget of US$
9 billion for the energy sector. This amount is 10% more than
what is anticipated under RS. However, in the case of RS
(similar to BAU scenario of IEA 2014), more expenditure
will be incurred to mitigate CO, emissions, such as paying a
carbon tax or buying carbon credits from countries emitting
low carbon emissions. For example, under the RS, Turkey
will be emitting 30% more CO, in 2040 compared to that
emitted in 2019, while it is only 10% under the AS during
the same projected period (Diddglio et al. 2020). This means
the carbon intensity of the power sector drops by 28% under
RS, while it drops by 54% under AS (Fig. 1), bending the
carbon intensity curve between 2 and 4D curves (Fig. 1).
It is projected that AS will reduce much higher CO, emis-
sions after 2040 due to reduced oil and gas imports and an
increase in higher primary energy contribution (33%) from
renewable energy sources (Diddglio et al. 2020).

CO, emissions by Turkey and strategy
to reduce emissions

Turkey has increased its CO, emissions by about 110% since
2000 and is projected to cross 500 Mt in the next decade
from electricity generation alone (Fig. 3) (Yelden and Voy-
voda, 2015; Ritchie and Roser, 2020).

The per capita emissions of CO, increased to 4.5 tons
from 3 tons during the past 10 years due to annual popula-
tion growth of about 1.4% (Ritchie and Roser 2021). Major
contributors to CO, emissions are electricity and heat, fol-
lowed by transport (Fig. 4). Industry emissions here exclude
the cement industry. If CO, emissions from the cement
industry are included, then the CO, emissions will surpass
8 billion tons by 2030 (Ritchie and Roser 2021). Turkey,
being a major producer of cement, with an annual turnover
of 84 Mt of clinker, consumes about 8 million MWh of elec-
tricity from fossil fuels with emissions of about 18 billion
kg of CO, (Afkhami et al. 2015; Cankaya and Pekey 2019;
Worrell et al. 2001). Since there is no suitable substitute for
cement, and infrastructure development is essential for GDP
growth, this amount of CO, emissions will exists for some
time. However, CO, emissions from the energy supplied to
the industry can be reduced substantially through geother-
mal energy-generated electricity.

The tourism industry also contributes considerable CO,
emissions due to the high influx of tourists and increased
energy-related gadgets and transport (Eyuboglu and Uzar
2019). Turkey being ranked on the top ten tourists destina-
tions, the percentage of tourists visiting Turkey has regis-
tered a huge increase of over 400% from 2000 till last year
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Fig.3 CO, emissions by Turkey (Emissions from the cement indus-
try are not included. https://www.worlddata.info/asia/turkey/energy-
consumption.php (accessed on 24 June 2021)
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Fig.4 CO, emissions from different sectors (adapted from Ritchie
and Roser 2021)

(Eyuboglu and Uzar 2019). The annual influx of tourists to
Turkey is about 30 million (Katircioglu 2014). According to
The World Travel and Tourism Council (WTTC) (2018), in
the year 2017, Turkey’s tourism sector contributed about 32
billion USS$ directly to the country’s economy, contributing
3.8% to the GDP. However, the CO, emissions from tourism
alone is about 135 million tons (25% of the total emissions)
(Katircioglu 2014; WTTC 2018).

It has been suggested that to meet the 2D scenario strat-
egy by reducing CO, emissions from the present 500 Mt

@ Springer

to 390 Mt, Turkey should implement three important pol-
icy instruments (Yelden and Voyvoda 2015). They are (1)
imposing a carbon tax, (2) investment in renewables from
the carbon tax, and (3) technological advancement to adopt
energy efficiency. Although the implementation of the car-
bon tax may take a longer time, the remaining two policy
instruments can be adopted by promoting geothermal energy
resources, both hydrothermal and Enhanced Geothermal
Systems, since the infrastructure to augment the geother-
mal resources (power and heat) is already in place along the
western Anatolian region and as mentioned above Turkey
is currently generating CO, emission free electricity 1576
MWe from hydrothermal resources. In the subsequent sec-
tions it is shown how Turkey can further reduce emissions
by developing EGS resources.

Geothermal energy resources of Turkey

Turkey made phenomenal progress in establishing strong
geothermal power for 10 years, by increasing the installed
capacity of 94 MWe in 2010 to 1576 MWe in 2020 (Fig. 5),
registering 157% annual growth. It is projected that by 2030
greater than 3000 MWe electricity will be added to the main
electricity grid by geothermal power plants (Table 1). The
estimated installed capacity of geothermal power (from
hydrothermal sources) is about 4000 MWe (Baba et al 2021;
Mertoglu, et al., 2020).

This energy is from hydrothermal sources, distributed in
about 346 geothermal fields in 63 provinces (Fig. 6).

However, the country has huge Enhanced Geothermal
Systems (EGS) resources locked up in its high heat gen-
erating granites (Chandrasekharam and Baba 2021). If
the full potential is exploited from hydrothermal sources
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Fig.5 Installed capacity of geothermal power in 2020 (adapted from
Baba et al. 2021)
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Fig.6 Map showing the location of the geothermal provinces of Turkey and thermal manifestations (small black circles) within the provinces

(adapted from Akkus et al. 2019; MTA 2019)

(4000 MWe, Baba et al. 2021), to generate electricity,
hydrothermal energy alone can reduce CO, emissions
of about 32,211 million kg from the gas savings. Only
10% of the geothermal fields contain high enthalpy
resources and are capable of generating electricity (Baba
et al. 2021), and the remaining 90% are low to medium
enthalpy resources, best suited for direct applications,
such as space heating and cooling, greenhouse cultiva-
tion, and dehydration. Turkey is in the top five coun-
tries utilizing 3488 MWt of geothermal energy for direct
applications (Lund and Toth 2020), with major applica-
tions being in space heating and air conditioning. These
two applications use about 1453 MWt annually (Lund
and Toth 2021; Mertoglu et al. 2020; Baba et al. 2021).
This energy is just 1/6 the of the total potential of 20,000
MWt estimated from all the geothermal provinces of Tur-
key (Baba et al. 2021; Mertoglu et al. 2020; Lund and
Toth 2021). Even if half the amount of this potential is
developed for district and individual home heating, this
will reduce 147 Mt of CO, emissions (see Fig. 5). The
other geothermal sources that are yet to be developed and
exploited are Enhanced Geothermal Systems. The poten-
tial of EGS in Turkey, especially in the western Anato-
lian, is huge, and this source is not site-specific like the
hydrothermal resources. EGS taps the heat from the high
heating granites through a liquid medium (either water or

CO,), and the resulting steam or vapour runs the turbine
to generate electricity.

EGS sources in western Anatolia

Enhanced Geothermal Systems (EGS) is a technology,
where a set of fractures is induced into a hot granite
body or a bore hole is drilled into the granite at a certain
depth (Fig. 7). A single bore-well can generate about 3
to 4 MWe. Heat is extracted through a medium (water
or carbon dioxide) for power generation. This technology
is being commercialized and, in the future, could unlock
several thousands of megawatts of power (Robert 2012;
Letcher 2020).

For example, the technical potential of the EGS of the
US is estimated at 100 GWe. This is 30 times greater than
the current installed geothermal power capacity in the US.
There are a few successful plants that are being in opera-
tion today. The Soultz-sous-Forets EGS plant in France is
generating 3 MWe now by extracting heat from granites
at 200 °C from a depth of 5 km. Similarly, in Cornwall,
UK, the EGS project is near completion and is expected
to generate 10 MWe and 55 MWt (Koelbel and Genter
2017; Letcher 2020). Such high heat generating granites
are common around the Red Sea region, Africa and the
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Fig.7 Conceptual diagram showing the EGS technology

Himalayas (Chandrasekhar et al. 2014a, b, c, 2015, 2016;
Lashin et al. 2014; Omenda et al. 2012).

The granites in Turkey contain a high concentration of
U, Th, and K and hence generate a considerable amount
of heat above the average heat-generating value of 5 pW/
m? in granites. Table 2 gives the heat generation and heat
flow values of certain important granites exposed in the
western Anatolian region. The radioactive heat production
(RHP in yW/m?) by granites is calculated using the heat
generation constant and the uranium, thorium, and potas-
sium concentrations Cy;, Cy,, Cg using equation suggested
by Rybach (1976) and Cermak et al. (1982):

RHP = p(9.52Cy, + 2.56Cy;, + 3.48C;) x 1075

where p is the density of rock in kg/m®; C, and Cy;, are the
concentration of U and Th in mg/kg, respectively, and Cy is
the concentration of K in weight percentage in the granites.
The surface heat flow values were calculated using the equa-
tion (Lachenbruch 1968):
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where Q is the heat flow at the surface, Q, is an initial value
of heat flow unrelated to the specific decay of radioactive
element at a certain time, D is the thickness of rock over
which the distribution of radioactive element is more or
less homogeneous, and A is the radioactive heat production.
Since the thin crustal thickness (~25 km) is observed in the
coastal region of the western part of Turkey (Tezel et al.,
2013); therefore, the background heat flow value 40 mW/
m? is considered in the western part of Turkey. The total
outcropping area of the granites in western Anatolia is 4221
sq. km (Fig. 8).

The entire western Anatolian region is characterized by
high heat flow and high geothermal gradients. The meas-
ured heat flow values from bore wells vary from 50 to 133
mW/m?, while measured geothermal gradients vary from
39 to 57 °C/km. In addition, the Curie point depth (CPD)
obtained from aeromagnetic anomaly investigations varies
from 12 to 19 km along the region bordering the Aegean
Sea and western Anatolia. Thus the temperatures of the
granitic batholiths in the western Anatolian region range
from 170 to 270 °C at 4 km depth (Akin et al. 2014; Karat
and Aydin 2004; Eckstein 1978; Erkan 2015). The heat flow
values calculated based on the heat content of the granites
(Table 2) are similar to the values measured from deep bore
wells (Erkan 2015). Based on the results published from
the two EGS projects, one in the Soultz Forte in France
and the second one in the Cooper Basin, Australia (Koelbel
and Genter 2017; Somverville et al. 1994; Letcher 2020),
and based on the heat flow values and geothermal gradient
recorded in the western Anatolian region and considering
the heat-generating capacity of the granites of western Ana-
tolia it is presumed that these granite batholiths can gener-
ate large amounts of electricity and heat and one km? of
such granite can generate 79 x 10 kWh of electricity for
30 years (Somerville et al. 1994; Cooper et al., 2010; Chan-
drasekharam et al. 2015).

Discussion

Major sources of CO, emissions in Turkey are electricity
(400 Mt), space heating (147 Mt), cement industry (104
Mt), and tourism (135 Mt). With annual population growth
of 1.4%, the CO, contribution due to increase in popula-
tion in the next decade would be around 50 Mt. The emis-
sions from electricity generation is anticipated to cross
500 Mt (Fig. 3) due to energy demand crossing over 70
Mtoe (Fig. 2) supported by fossil fuels based electricity
supply which Turkey has imported nearly 45,000 million
m? of gas (Ceicdata, 2021) and gas imports are going to
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Table 2 gives the heat generation and heat flow value over the granites and acid volcanics exposed in the western Anatolian region

Serial no Sample location Sampleno U (ppm) Th (ppm) K (wt%) RHP (pW/m3) HF (mW/m?) References km
1 Egrigoz pluton AT16 13.80 84.30 4.04 9.75 137.54 Jacob (2011)

2 Egrigoz pluton AT20B 9.80 34.30 4.68 5.33 93.30 Jacob (2011)

3 Kestanbolu pluton KO41B 7.80 40.50 3.19 5.10 91.04 Black (2012) 219.00
4 Kestanbolu pluton K042 10.20 47.70 3.86 6.28 102.82 Black (2012)

5 Kestanbolu pluton KO43A 16.20 60.50 3.90 8.71 127.12 Black (2012)

6 Kestanbolu granitoid 1 11.90 50.00 3.74 6.87 108.67 Sahin et al. (2010)
7 Kestanbolu granitoid 2 8.20 54.00 3.95 6.21 102.11 Sahin et al. (2010)
8 Kestanbolu granitoid 3 8.30 62.00 4.14 6.81 108.08 Sahin et al. (2010)
9 Kestanbolu granitoid 4 17.40 80.00 3.98 10.38 143.76 Sahin et al. (2010)
10 Kestanbolu granitoid 5 16.10 59.00 3.83 8.58 125.76 Sahin et al. (2010)
11 Kestanbolu granitoid 6 14.30 62.00 3.92 8.33 123.29 Sahin et al. (2010)
12 Kestanbolu granitoid 7 15.70 61.00 3.76 8.61 126.05 Sahin et al. (2010)
13 Kestanbolu granitoid 8 16.30 62.00 4.11 8.86 128.61 Sahin et al. (2010)
14 Kestanbolu granitoid 9 15.90 59.00 3.92 8.53 125.33 Sahin et al. (2010)
15 Kestanbolu granitoid 10 14.00 62.00 391 8.25 122.51 Sahin et al. (2010)
16 Kestanbolu granitoid 11 10.70 47.00 3.82 6.36 103.58 Sahin et al. (2010)
17 Kestanbolu granitoid 12 11.80 58.00 3.88 7.41 114.07 Sahin et al. (2010)
18 Kestanbolu granitoid 13 10.40 42.00 3.76 5.93 99.30 Sahin et al. (2010)
19 Kestanbolu granitoid 14 12.60 53.00 3.69 7.25 112.49 Sahin et al. (2010)
20 Kestanbolu granitoid 15 17.00 47.00 349 7.95 119.47 Sahin et al. (2010)
21 Kestanbolu granitoid 16 9.70 47.00 3.38 6.06 100.59 Sahin et al. (2010)
22 Kestanbolu granitoid 17 9.60 40.00 3.81 5.59 95.90 Sahin et al. (2010)
23 Kestanbolu granitoid 18 7.50 43.00 3.699 5.25 92.47 Sahin et al. (2010)
24 Kestanbolu granitoid 19 12.30 65.00 3.70 8.00 120.02 Sahin et al. (2010)
25 Kestanbolu granitoid 20 14.10 54.00 3.72 7.71 117.06 Sahin et al. (2010)
26 Kestanbolu granitoid 22 11.10 47.00 4.03 6.48 104.80 Sahin et al. (2010)
27 Kestanbolu granitoid 29 15.40 59.00 3.77 8.39 123.91 Sahin et al. (2010)
28 Kestanbolu granitoid 32 14.30 65.00 3.88 8.53 125.33 Sahin et al. (2010)
29 Kestanbolu granitoid 27 9.70 50.00 4.57 6.38 103.78 Sahin et al. (2010)
30 Kestanbolu granitoid 61 9.90 40.00 3.76 5.66 96.63 Sahin et al. (2010)
31 Kestanbolu granitoid 62 10.80 63.00 3.67 7.48 114.75 Sahin et al. (2010)
32 Egrigoz pluton 1272 (EP)  9.10 51.00 3.25 6.17 101.70 Akay (2009)

33 Egrigoz pluton 1322 (EP) 30.80 24.90 2.62 9.88 138.84 Akay (2009)

34 Subvolcanic phases 2 9.50 35.00 3.19 5.16 91.61 Angi et al. (2016)
35 Subvolcanic phases 5 12.10 55.00 4.89 7.37 113.71 Angi et al. (2016)
36 Subvolcanic phases 8 16.10 65.60 348 9.00 130.00 Angi et al. (2016)
37 Subvolcanic phases 10 10.30 43.90 3.57 6.02 100.17 Angi et al. (2016)
38 Salihli granitoid 10DEGO7 15.60 15.40 3.08 5.36 93.64 Dilek et al. (2009) 31.00
39 Salihli granitoid 11DEGO07 15.30 14.20 2.48 5.15 91.47 Dilek et al. (2009)
40 Salihli granitoid 27DEGO07 20.80 13.00 2.24 6.46 104.56 Dilek et al. (2009)
41 Salihli granitoid 32DEGO07 16.10 16.20 2.71 5.51 95.13 Dilek et al. (2009)
42 Salihli granitoid 35DEGO7 20.60 14.90 3.40 6.64 106.45 Dilek et al. (2009)
43 Cefalikdag CS-a 13.00 59.00 6.60 8.04 120.40 Koksal et al. (2004)
44 Celebi CS-b 13.00 96.00 5.23 10.47 144.68 Koksal et al. (2004)
45 Celebi CS-c 30.00 114.00 7.99 16.34 203.41 Koksal et al. (2004)
46 Celebi CS-d 16.00 121.00 5.54 13.00 169.96 Koksal et al. (2004)
47 Celebi CS-e 12.00 33.00 7.87 6.10 101.05 Koksal et al. (2004)
48 Kestanbolu granitoid Gl 29.21 83.84 5.08 13.78 177.80 Orgun et al. (2007)

pluton
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Table 2 (continued)

Serial no Sample location

Sample no U (ppm) Th (ppm)

K (wt %) RHP (uW/m?) HF (mW/m?) References

49 Kestanbolu granitoid G2 14.49 53.11
pluton

50 Kestanbolu granitoid G3 26.52 75.45
pluton

51 Kestanbolu granitoid G5 12.61 48.34
pluton

52 Kestanbolu granitoid G6 14.53 51.61
pluton

53 Kestanbolu granitoid G7 12.08 59.41
pluton

54 Kestanbolu granitoid G8 14.67 56.65
pluton

55 Kestanbolu granitoid G9 15.66 33.06
pluton

56 Kestanbolu granitoid G10 8.20 39.95
pluton

57 Kestanbolu granitoid Gl1 11.78 65.26
pluton

58 Kestanbolu granitoid Gl12 9.96 34.76
pluton

59 Kestanbolu granitoid G13 10.64 36.88
pluton

60 Kestanbolu granitoid GI15 11.82 48.61
pluton

61 Kestanbolu granitoid Gl6 10.88 44.13
pluton

62 Kestanbolu granitoid G17 10.85 42.73
pluton

63 Kestanbolu granitoid G18 17.63 63.71
pluton

64 Kestanbolu granitoid G19 23.84 69.35
pluton

65 Kestanbolu granitoid G20 23.84 69.35
pluton

84 Sevketiye pluton S-65 11.9 34.9

85 Kizildam pluton K-6 135 40

86 Kizildam pluton K-7 10.8 40.1

87 Kizildam pluton K-8 11.8 37.8

88 Gonen volcanics 7ZK-02-16 13.9 51

89 Gonen volcanics ZK-02-23 129 40.5

3.84 7.76 117.57 Orgun et al. (2007)
4.19 12.43 164.25 Orgun et al. (2007)
3.73 6.93 109.33 Orgun et al. (2007)
3.96 7.67 116.74 Orgun et al. (2007)
4.27 7.61 116.12 Orgun et al. (2007)
3.92 8.06 120.55 Orgun et al. (2007)
3.88 6.67 106.74 Orgun et al. (2007)
3.87 5.23 92.32 Orgun et al. (2007)
4.04 7.92 119.18 Orgun et al. (2007)
2.39 5.19 91.88 Orgun et al. (2007)
2.16 5.49 94.88 Orgun et al. (2007)
3.45 6.72 107.22 Orgun et al. (2007)
3.04 6.13 101.32 Orgun et al. (2007)
3.35 6.06 100.58 Orgun et al. (2007)
4.61 9.37 133.67 Orgun et al. (2007)
4.71 11.36 153.63 Orgun et al. (2007)
4.71 11.36 153.63 Orgun et al. (2007)
29 5.7 93.70 Karacik et al. (2008)
2.8 6.5 105.0 Karacik et al. (2008)
2.9 5.8 98.2 Karacik et al. (2008)
2.9 5.9 98.2 Karacik et al. (2008)
3.8 7.5 114.6 Karacik et al. (2008)
39 6.5 104.8 Karacik et al. (2008)

increase by about 18% (IEA 2021c) to meet the energy
demand and maintain sustainable economic growth. This
indicates that the country is adopting the RS (Reference
Scenario) outlook in the electricity growth pattern (Did-
dglio et al. 2020) and allowing emissions to cross 500 Mt
by the year 2030. However, the country can still maintain
sustainable economic growth under the Alternate Scenario
(AS) by developing its untapped energy from high heat
generating granites. Already the country’s hydrother-
mal source is providing 1.71 Mtoe of clean energy and
is expected to double the production by 2030 (Table 1).
Currently, Turkey has utilized only 1576 MWe from its

@ Springer

4000 MWe of available hydrothermal sources (Baba et al.
2021). By utilizing its remaining 3424 MWe of energy
from the hydrothermal sources, the country can save about
24 million kg of CO, (by an offsetting equal amount of gas
source). Furthermore, suppose the full potential of 20,000
MWt is developed, then the gas imports could be reduced
by 36%, thereby saving CO, emissions of 15.6 million t/
year adding USD 618 million/year to the economy of the
country (Baba et al. 2021). The geothermal energy sources
can support the tourism industry all round the year, since
it is possible to provide uninterrupted recreation facilities
(thermal spas, therapeutic centers, and space heating and
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Fig.8 Distribution of granitoid in the western Anatolian. The outcropping area of the granites is shown (adapted from sources listed in Table 2)

cooling facilities) any time of the year with low emissions.
This thermal energy, thus can support greatly the tourism
industry and aid in further reducing 135 million tons of
CO, (Katircioglu 2014; WTTC 2018). The government has
realized the potential of geothermal energy as a primary
source mix of energy (including for power generation,
heating, and the agricultural sector) and is expecting a
growth of 61% in the coming decade supported by finan-
cial incentives (IEA, 2021c¢). In such a case, there is no
necessity to implement new policy instruments, such as the
carbon tax, energy efficiency methods, etc., as proposed
by Yelden and Voyvoda (2015) to reduce CO, emissions

and reduce gas imports. Unlocking the EGS potential from
the high heat generating granites of western Anatolia will
not only maintain sustainable economic growth but also
reduce CO, emissions. For example, 10 km thick Keston-
bol granite pluton with its minimum area of 220 km? (see
Fig. 7), with its average heat production capacity of 7 uW/
m? (Table 2), can generate 176 billion kWh of electricity.
Similarly, a 10 km thick Kozak pluton with an average heat
generation capacity of 7 uW/m?, can generate 658 billion
kWh of electricity. Thus the granites plutons of western
Anatolia with an area of 4221 km? can generate 4 billion
MWh of electricity for 30 years. This amount is greater
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than the current annual energy requirement of 384 billion
kWh. Extracting half the available energy from EGS is suf-
ficient for Turkey to bend the carbon index curve towards
2D (circle in Fig. 1) and comply with the carbon reduction
commitment by CoP in the Paris 2015 agreement.

Turkey’s energy targets set for the period 2019 to 2023
incudes (IEA 2021c), (a) reduction of natural gas for elec-
tricity production from 29.9 to 20.7%, (b) increasing the
share of renewable energy sources in electricity production
from 32.5 to 38.8%, (c) increasing the electricity produc-
tion from local energy sources from 150 to 219 TWh, (d)
increasing the primary energy usage from 1.81to 2.01 toe
e) increasing the electricity usage per capita from 3.7 to 4.3
MWh. These energy targets by the country can be achieved
by major contribution by hydrothermal and EGS energy
sources as primary energy source mix for generating elec-
tricity as well as for providing heat.

With the development of new drilling technologies to
create heat exchangers in these granites, the levelised cost
of power (LCOP) and heat from the granites will be afford-
able by the country. The levelised cost of power (LCOP),
projected by Sanyal et al. (2007), Sanyal (2009), before the
commencement of the Soultz Forte in France and the Cooper
Basin, Australia EGS projects, was 4.77 Euro Cents/KWh.
This LCOP is based on models ( no government subsidy is
involved in the cost factor) incorporating sensitivity param-
eters, cost of drilling, temperature resources, and flow rates,
and reservoir volumes. Subsequently, field-based measure-
ments obtained from the EGS projects from Soultz Forte
in France and the Cooper Basin, Australia gave real LCOP
from EGS projects. Thus the proposed feed-in tariff from
Soultz Forte is 24 Euro cents/kWh. These costs are based on
actual costs incurred in various steps in realizing the EGS
project. However, the Govt of France is negotiating a tar-
iff of 12 Euro cents/KWh (Genter et al. 2010; Koelbel and

Levelised cost of power EU/MWh

180 | 1100 l 1120

Heat Flow mW/m’

Fig.9 Levelized (LCOP) cost of power from EGS source (B: 180 C;
A: 160 C, adopted from Cooper et al. 2010)
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Genter 2017). However, the LCOP proposed by the Cooper
Basin EGS project is shown in Fig. 9. This is quite logical,
since this cost is based on the heat flow values and the heat
generation of the reservoir sources (granites).

Considering the heat flow values and the geothermal
gradients and the heat generation values of the granite
batholiths of western Anatolia (heat flow 133 mW/m? and
temperature resource of 220 °C) LCOP from these granites
can be < 6 Euro cents/kWh. The heat flow values and the
resource temperature of Kestanbol and Kozak batholiths are
higher compared to the EGS sites in Soultz Forte and Cooper
Basin. Furthermore, due to the tectonic configuration of the
western Anatolian region, the depth of the resources is shal-
low. Currently, the cost of heat from hydrothermal sources
in Turkey is around 0.45 TL/h (Baba et al. 2021). With gov-
ernment incentives, this cost can be brought down to match
the current cost of electricity from fossil fuels based energy
sources. Although the ARIMA (autoregressive integrated
moving average) model project increases renewable by 23
Mtoe by 2040 (Ozturk and Ozturk 2018), according to the
currently available data, renewables will cross this value by
2030 (Table 1). With the development of EGS, the contri-
bution of geothermal energy to the primary source mix will
surpass other sources of renewable sources, such as solar
and wind.

EGS sources are available in several countries around
the RED Sea. Thus Egypt, Yemen, Saudi Arabia, Djibouti
Ethiopia and Eritrea have considerable high heat generating
granites (Chandrasekharam et al. 2016). These developing
countries that need food and water security can adopt the
EGS technology for socio-economic growth. Since EGS
is not site specific unlike hydrothermal systems, with the
development of drilling technology, countries can be energy
independent and thus contribute to global carbon dioxide
reduction mission in future (MIT 2016).

In the energy sector, the cost of heat from hydrothermal
sources is 0.0065 Eu/kWh, while the cost of heat from fos-
sil fuels (gas is being used for heating) is 0.01 Eu/kWh.
These costs are without government subsidies. While the
unit cost of electricity from fossil fuels (coal is the main
source for electricity generation) is marginally higher (7
euro-cents/kWh) than geothermal source (hydrothermal)
(8 euro-cents/kWh), considering the costs incurred related
to environmental issues from fossil fuels, the geothermal
sourced electricity is less expensive (Chandrasekaram
et al. 2014a, IEA 2021a, b, c; Baba et al. 2021, GP 2021,
Johannesson et al. 2020). Furthermore, the capacity factor
for geothermal is higher than the capacity factor of fos-
sil fuels and other renewable energy sources. Geothermal
energy can support base-load electricity supply and external
factors such as weather and climate do not influence the
energy source and the energy source is available through-
out the year (MIT 2006; DiPippo 2012). Thus, costwise and
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Table 3 Unit cost of electricity generated from fossil fuels and renew-
able energy sources (Chandrasekharam et al. 2014a, Baba and Chan-
drasekharam 2022, IEA 2021a, b, ¢)

Source Capacity factor Levelized cost
euro cents/
kWh

Coal 85 7

Wind 34 6.23

Solar 25 11.35

Geothermal 92 8.97

EGS 92 6-9

efficiencywise geothermal, in general, is economically the
most cost-effective energy source (Ikrim 2021) especially
in Turkey (Table 3).

In the case of EGS energy source, currently, EGS is in
its development stage and being adopted by several coun-
tries (France, Australia, Germany, China, UK, and USA)
due to the availability of high radiogenic granites (Koe-
Ibel and Genter 2017; Breede et al. 2013; Pan et al. 2019;
Somerville et al. 1994; Ledingham et al. 2019; Cooper et al.
2010; Chandrasekharam and Baba 2021; Baba and Chan-
drasekharam 2022). The Levelized Cost of electricity gen-
erated from EGS sources is currently higher than the other
energy sources (Table 3). This is mainly due to higher cost
incurred for drilling deeper wells in granites (Baumgartner
et al. 1995). In EGS projects, nearly 45 percent of the capi-
tal cost of the project is spent on drilling deep wells into
the hot granites (Baumgartner et al. 1995, MIT, 2006). This
higher feed-in tariff (cost charged to the customer) for EGS
shown in Table 3 is mainly due to the high cost of drill-
ing. However, due to the continuous development in drill-
ing technology, this cost is falling over the past years and
in the next few years the energy cost will also reduce and
the cost of electricity generated from EGS source (Baum-
gartner et al. 1995) will be on par or lower than the cost of
electricity generated from fossil fuels. Furthermore, though
the absolute cost of electricity generated from fossil fuels
is currently lower compared to the electricity generated
from geothermal sources (hydrothermal and EGS), there is
additional cost incurred to mitigate CO, emissions-related
issues fossil fuels. This cost does not exist in the case of
electricity generated from the geothermal energy source.
Thus, electricity generated from geothermal energy sources
is much cheaper compared to the electricity generated from
fossil fuels energy sources (Ikram 2021, Baba and Chan-
drasekaram, 2022). In addition to the future cost reduction
due to advancement in drilling technology, the advantage
that Turkey (western Anatolian region) has is the presence
of Curie depth point at shallower depth (~ 12 km) and high
heat flow values over the entire region (Akin et al. 2014).
These factors aid in reducing the depth of drilling and thus

reducing further the cost of electricity generated from EGS
source (Cooper et al. 2010; Chandrasekharam and Baba
2021, Baba and Chandrasekharam 2022).

Conclusions

Turkey has a huge primary energy source locked up in its
high heat generating granites of western Anatolia, spread
over an area (surface area) of 4221 sq.km. Since these are
batholiths, their depth extends to several kilometers. Even
2% of energy extracted from these granites can provide
base-load electricity and heat to the country, thereby dras-
tically reducing dependency on imported gas and oil and
maintain CO, emissions to the year 2000 level. The carbon
intensity index can be brought close to the 2D scenario,
and the country can be economically benefited from the
carbon savings. With the successful completion of three
EGS projects, the technological development of EGS tech-
nology would make energy from EGS sources economi-
cally viable. The Levelised cost of electricity and heat can
be brought down below the current price and estimates.
This review demonstrates that besides electricity and heat,
EGS can be utilized, together with other renewable energy
sources such as hydrothermal, wind, and concentrated
solar for providing fresh water through the desalination
process. These energy sources would provide food, energy,
and water security to the country for several decades.
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