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Abstract

Dikili-lzmir Region (Western Turkey) has been an active area of development for the utilization of geothermal resources.
In this study, we aim to quantify the untapped resource-potential in this region for both direct and indirect utilization
purposes. After collecting geological data from the literature, probabilistic heat-in-place calculations are carried out.
Yuntdag Volcanites and Kozak Pluton are considered, and the latter is proposed as an enhanced geothermal system. It is
shown that, with 50% probability, 75 MW, and 17 MW, of net electrical power can be produced from Yuntdag and Kozak
reservoir systems, respectively. When the unit volumes of reservoirs are considered, Kozak can produce 3.2 and 2.5 times
of what Yuntdag can produce in terms of electrical and thermal power, respectively. A sensitivity analysis is performed
to understand the impact of reservoir characteristics on the reserves. Within the uncertainty ranges defined, reservoir
size, temperature and recovery factor are found to be critical parameters that affect the net power output. Sustainability
attributes are evaluated from both economic and environmental perspectives and potential benefits are discussed.
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List of symbols T Temperature (°C)

A Area (m?) T, Utilization temperature (°C)

c Specific heat capacity (kJ/kg°C) T, Reservoir (rock and fluid) temperature (°C)

CF Conversion factor (fraction) p Density (kg/m?3)

h Thickness (m) ¢ Porosity (fraction)

LF Load factor (fraction)

NEP  Net electric power (MW,)

NTP  Net thermal power (MW,) 1 Introduction

Q Heat content (J)

Q, Total heat content (kJ) A strong dependency on imported fossil fuels, environ-
Q, Heat content of the solid part (kJ) mental concerns and increasing energy demand due to
Q, Heat content of the water part (kJ) economic growth in recent years require Turkey, as in
RF Recovery factor (fraction) many other countries, to consider better, cleaner and
RHE  Recoverable heat energy (MW) more sustainable ways of energy supply. A major energy-
t Project life (seconds) efficiency program has been initiated with the goal of

B4 E. Artun, artun@itu.edu.tr; A. Turan, turan@geo.tu-darmstadt.de; S. Saner, salih.saner@neu.edu.tr | 'Group of Geothermal Science
and Technology, Institute of Applied Geosciences, Technische Universitat Darmstadt, Schnittspahnstrasse 9, 64287 Darmstadt,
Germany. 2Department of Petroleum and Natural Gas Engineering, Istanbul Technical University, 34469 Maslak, Istanbul,

Turkey. 3Department of Petroleum and Natural Gas Engineering, Near East University, 99138 Mersin 10, Turkey.

®

Check for
updates

SN Applied Sciences (2021) 3:634 | https://doi.org/10.1007/542452-021-04603-7

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04603-7&domain=pdf
http://orcid.org/0000-0003-1975-9167

Research Article SN Applied Sciences

(2021) 3:634

| https://doi.org/10.1007/s42452-021-04603-7

increasing the clean energy share at least to 30%, while
decreasing the share of natural gas in power supply to
30% [14]. One sustainable way to increase the clean
energy share in the power generation can be the utiliza-
tion of geothermal resources as they are abundant, reli-
able, domestic and able to provide base load. In 2014, the
target for the installed capacity of geothermal resources
was stated as 1000 MW, in the National Renewable Energy
Action Plan of Turkey for the year 2023 [24] whereas this
target was reached by 2017 [22]. As of today, the installed
capacity of geothermal resources in Turkey is 1638 MW,
[22] and the new target is 4000 MW, of installed capacity
to be reached by 2030 [24].

In 2013, 93% of the total net electrical power was sup-
plied by fossil fuels in izmir, Turkey, a major city in Western
Turkey. Wind was the only renewable source contributing
to the electricity production with a share of 7% [18]. The
electricity consumption was 17.7x10° MWh, which corre-
sponded to 7.2% of Turkey’s total consumption. Electric-
ity consumption per person was 4,348 kWh, 35.8% more
than Turkey’s average, which may be attributed to rela-
tively higher amount of cooling needs. izmir hosts several
geothermal sites with a temperature range changing from
153 to 130 °Ci.e. Balcova 136 °C, Dikili 130 °C, Seferihisar-
Cumali 153 °C and Seferihisar-Akyar 153 °C [30]. Until
2020, 59% of the geothermal resources in izmir were
being used for district heating, 36% for greenhouse heat-
ing and 5% for thermal tourism [4]. As of October 2020,
the first geothermal power plant of izmir; RSC Seferihisar
Geothermal Power Plant, with an installed capacity of 12
MW,, started to produce electricity [22]. Although geo-
thermal energy is preferred over other intermittent renew-
able energy resources such as wind and solar as it requires
no storage system and is capable of supplying baseload;
in izmir, among the 84 power plants, 30 of them are solar
power plants, 35 of them are wind power plants while
only 1 of them is a geothermal power plant [15] Therefore,
considering Turkey’s goals related to energy production,
re-distribution of energy sources in the region to include
cleaner and more renewable ones can be helpful.

In this study, it is aimed to investigate the potential of
geothermal resources in Dikili-izmir region in Western Tur-
key. Four scenarios are considered including direct and
indirect utilization of Yuntdag Volcanites, as a hydrother-
mal geothermal system, and Kozak Pluton, as an enhanced
geothermal system (EGS). After researching the literature
and collecting available data, resource assessment cal-
culations and sensitivity analysis of input parameters are
carried out. Sustainability attributes in terms of carbon
emissions and economic aspects are also analyzed. For
geothermal resource assessment, volumetric method [31]
is applied to calculate thermal energy content and to esti-
mate how much of this energy is recoverable to generate
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electric and thermal power. A probabilistic study, Monte
Carlo simulation, is carried out to account for the uncer-
tainties associated with reservoir characteristics. Similar
resource assessment studies employing the volumetric
method, were conducted for Balikesir-Edremit geothermal
site [7], for izmir-Balcova [5], for Manisa-Alasehir [1], and
for Turkey [26]. In some cases, volumetric assessment can
be combined with geophysical data to improve the assess-
ment [41]. None of these earlier geothermal resource
assessment studies highlights the sustainability attributes
of the discussed geothermal systems. The present study
analyzes them from both economic and environmental
points of view in terms of saved money and saved CO,
amount by employing a domestic energy source (i.e. geo-
thermal) rather than an imported one (i.e. natural gas).

In the next section, an overview of Dikili geothermal
region is given together with the region’s geology, tectonic
setting and hydrogeological outlook. Then, the methodol-
ogy employed for resource assessment using the available
data is explained. After that, results obtained and key con-
clusions drawn from this study are presented.

2 Study area: Dikili geothermal region

In this study, an area surrounding Dikili region, which
includes Bergama in the south, Dikili and Ayvalik on the
west coast, and Madra Mountain in the north is con-
sidered (Fig. 1). The area has a semiarid climate with an
annual average temperature of 16.5 °C [13]. In almost half
of the year, there is a need for heating considering the
months with a temperature below 18 °C [12]. Hydrother-
mal systems have been discovered surrounding the Madra
Mountain (Fig.1a). NE-SW trending Kozak Pluton, forming
mountains of 500-800 m surrounded by Yuntdag Volcan-
ites, may be a hot dry rock system. This study considers
direct or indirect utilization of the hydrothermal resource
(considering Yuntdag volcanites as the reservoir rock) and
enhanced geothermal systems (considering Kozak Pluton
as the reservoir rock).

The area has been active in terms of development for
district heating, greenhouse heating and thermal tourism
since early 2000's [18], with geothermal-related explora-
tion activities going back to 1940’s [23]. According to
recent surveys, 2000 residences ( [28], assuming 100 m?
floor area per residence) and greenhouses of 1,000,000 m?
[27] were being geothermally heated via wells with tem-
peratures ranging from 41.5 to 131.4 °C [44].

2.1 Geological outlook

Figure 1b shows the geology map for the region, where
Madra Mountain and surroundings can be seen [25].
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Fig. 1 Dikili geothermal region: a location map [36], b geological map [25], ¢ generalized columnar section [36]

Eight formations are defined in the study area. Figure 1c
illustrates subsurface formation characteristics with a
generalized stratigraphic columnar succession. At the
top, there is the Quaternary alluvium which has a thick-
ness of 100-150 m. From youngest to oldest, the forma-
tions below Quaternary alluvium are shown in Table 1 [3,
20, 33, 36]. Yuntdag unit has a fractured structure due to
tectonism and hydrothermal alterations. This helps them
to behave as a reservoir rock. Soma Formation and the
thick tuff/marl layers within Yuntdag Volcanites occa-
sionally behave like a cap rock. The heat source is stated
as being derived from both tectonism and volcanism,
[29], radioactive decay in Kozak Pluton [20] or shallow
magma [34]. Crustal structure and magmatic intrusions
in an extensional tectonic environment are illustrated in
Fig. 2a. It is known that thin continental crust and plu-
tonic intrusions jointly are responsible for the high geo-
thermal heat which could also cause the local anomalies
in heat-flow maps.

Table 1 Formation characteristics of the columnar stratigraphy in

Dikili region [3, 20, 33, 36]

Formation Average Composition
thickness
(m)
Pliocene Dedebag 100 Basalts
Pliocene Rahmanlar 400 Agglomerate
Upper Miocene Soma 1000 Siltstone, marl, conglomerate,
sandstone, clayey limestone
Yuntdag volcanites 400 I: Altered sandstone
II: Dark compact basalt, pyrox-
ene andesite, hornblende
andesite
Ill: Rhyolite, hornblende, bio-
tite andesite and dacite
Kozak Pluton 800 Granodiorite
Mezoic Kinik 400 Conglomerate, sandstone,
siltstone, mudstone, clayey
limestone, limestone
Permian Camoba 250 Sandstone, siltstone, limestone
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Fig.2 Schematic models of the study area: a thin earth crust and plutonic intrusions developed to explain high heat flow and associated
thermal resources, b fracture and geomorphological factors in the flow mechanism of hot springs

2.2 Tectonic setting

Dikili is located in Western Anatolia, a tectonically active
region with rapidly extending, crustal thinning zones. The
extension rate is estimated to be around 14 + 5 mm/year
[10]. This extensional regime in the N-S orientation [47]
causes grabens to exist in the E-W direction [2, 45]. The 2D
inversion results of an earlier study investigating the deep
resistivity structure of the Dikili-Bergama region with a focus
on geothermal potential revealed very low conductivity
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zones corresponding to the geothermal activity of the hot
springs in the region and major fault zones bounding the
Dikili depression in NW-SE direction and the Bergama gra-
ben in E-W direction [47]. All geothermal occurences in the
region are linked with Yuntdag Volcanites around the Madra
Mountain. The distribution of these occurences is controlled
by fracture patterns [21, 42]. According to our research of
existing studies and data, water seeping into deep fractures
in Kozak Pluton is heated at depth [33]. These fractures inter-
sect with active graben faults. This creates a path for the
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heated water to reach the surface. Water table elevation in
Kozak fractures is higher than the elevations of graben fault
traces on the surface. This builds a hydrostatic pressure for
water to form hot springs on the surface.

In the region, hot springs and geothermal drilling sites are
in normal fault zones which act as discharge pathways for
hot water. The origin and geometry of intake and discharge
fractures are different. The fluid flow dynamics of a geother-
mal spring is closely related with the geometry of intersec-
tion line between intake and discharge fractures. Figure 2b
illustrates these fracture patterns and geomorphological
factors in play. Several fracture or fault intersection models
and their effects on hot spring occurrences are shown in
Fig. 3 [43].

2.3 Hydrogeological outlook

Dikili region hosts a number of hot springs with tempera-
tures ranging between 30 and 100 °C [40]. Radioactive iso-
tope chemistry and stable isotope studies indicate that the
thermal waters have existed for more than 50 years [33] and
they are of meteoric origin [9, 33, 36]. They get recharged
in Kozak, heated at depth and moved up to the surface
along the faults [33, 35]. The types of thermal waters are
Na-HCO; — SOj in Dikili [9, 36], Na-SO, — HCOJ in Kay-
narca and NaCa-SO in Kocaoba [33, 35]. SO, is dominantin
thermal waters coming from depths of 500-700 m whereas
HCO; is dominant for thermal waters coming from 700 m.
Rather low content of SO, andHCO3, high content of CI™ due
to mixing with seawater [8] are signs of shallow and not too
hot origin of spring waters [40]. Thermal waters in the study
area are slightly acidic most probably due to the contact
with carbonates [37].

3 Methodology
3.1 Probabilistic resource assessment

To estimate the resource base, volumetric method is the
most commonly used approach in which heat energy stored
in the reservoir (Q,, kJ) is taken as equal to the sum of heat
stored in certain volume of rock (solid part, Q,, kJ) and water
(fluid part, Q,,, kJ) for a liquid-dominated reservoir:

Q;=Q,+Q, (M
Extracting the terms for heat content calculations:

Q, = (1 - $)cpAhAT(Q,) + dcpAhAT(Q,,)
(N — —— (2)

rock water

where ¢ is the porosity of the rock (fraction), c is the spe-
cific heat capacity (kJ/kg-°C), p is the density (kg/m?3), A is

the area of the reservoir (m?2), h is the thickness of the res-
ervoir (m), and AT is the difference between rock/fluid (T,,
°C) and utilization temperatures (T,, °C). The recoverable
heat energy (RHE, kJ) can be calculated as:

X RF
RHE = &
t X LF

3)

where RF is the recovery factor (fraction), t is the project
life (seconds), LF is the load factor (fraction). Load factor
is the ratio of total time in which the system is active in a
year. Net electrical or thermal power (MW, or MW,) can
be calculated as:

NEP or NTP = CF x RHE 4)

where CF, the conversion factor (fraction), represents the
efficiency of heat exchangers for direct utilization (net
thermal power). For indirect utilization (net electrical
power), it represents the efficiency of all system compo-
nents. In the next section, how input parameters of this
model were determined is explained.

3.1.1 Reservoir characteristics

Reservoir characteristics (porosity, area, thickness, rock-
fluid temperature, rock density, fluid density, and recovery
factor) are considered as uncertain parameters. They are
assumed to have triangular distributions, except rock den-
sity which has a uniform distribution. They are quantified
based on the data from the literature as explained below:

e Porosity: Porosity is assumed to follow a triangular
distribution as also presented in similar studies [6, 7,
38]. Considering the range of porosity for granodiorite
and andesites [39], 0.01 and 0.03 were chosen as the
minimum and maximum values respectively. The most-
likely value for porosity is taken as 0.0129 for Yuntdag
Volcanites, and 0.02 for Kozak Pluton [20].

o Area: Because of not having access to an accurate esti-
mation of the areal extent of Yuntdag Volcanites, a vis-
ual interpretation resulted in the following triangular
distribution: 1.5x107 m2, 3.0x10” m2, and 4.5x107 m?
as minimum, most likely and maximum values, respec-
tively. The area of the artificial EGS reservoir is taken as
3.3x10° m? (min.), 8.8x10° m? (most likely), 2.21x10°
m? (max.) for Kozak Pluton considering two horizon-
tal wells for injection and production (Fig. 4). The area
is calculated based on the horizontal well length and
distance between wells which determines the reservoir
area utilized.

o Thickness: The range of the triangular distribution was
found by considering the formations in the region’s
subsurface stratigraphy. Minimum thickness includes
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the cap rock and the reservoir rock. Most likely includes
one additional formation below the reservoir rock.
Maximum includes all formations. This definition is
shown in Fig. 5. During borehole drilling, thickness of
Yuntdag Volcanites-1 and Soma Formation were found
as 300 and 200 m., respectively. The thickness of Kozak
Pluton and Kinik Formation were uncertain. Therefore,
by considering other published studies [36], 2150, 2400
and 2800 m. were used for minimum, most likely and
maximum for Kozak-EGS application. For Yuntdag Vol-
canites, 500, 1300, and 1950 m were used [20].

e Recovery factor: Recovery factor in geothermal
resources represents the fraction of the total heat that
is convected by fluid from the rock to the surface. 0.07,
0.18 and 0.24 were chosen as the minimum, most likely,
and maximum values, respectively, as also used in [31].

® Rock and fluid temperature: 96 °C, 165°C, 237 °C were
used as the minimum, most likely, and maximum val-
ues, respectively, for Kozak Pluton based on existing
geothermometry studies [20]. 64.2 °C, 93 °C, 145 °C
were used for Yuntdag Volcanites by analyzing the
cumulative distribution function of measured well-
bottom temperatures in the region [44].

Fig.5 lllustration of formation

sequences of Kozak-EGS and EGS
Yuntdag hydrothermal system,
and thickness definitions for
the minimum, most likely and
maximum estimates (not to
scale)

Yuntdag

e Rock density: Because of its nature, a uniform distribu-

tion was defined for rock density by assuming a range
between 2500 and 2800 kg/m? for igneous rocks [39].
Fluid density: The salinity was measured as 3000 ppm
for Dikili hydrothermal system [46]. Considering a
depth of 1420 m. and a pressure gradient of 0.433 psi/
ft, an average reservoir pressure was found as 2017 psi.
Using salinity-temperature-pressure-density relation-
ship, a triangular distribution was defined with values
of 945 kg/m3, 980 kg/m? and 995 kg/m?3.

Specific heat capacities for rock and water were taken

as constants:

For andesite (Yuntdag): 0.965 kJ/kg-°C [39]

For granodiorite (Kozak): 1090 kJ/kg-°C [39]

For water in Yuntdag, 4.14 kJ/kg-°C is used, which corre-
sponds to the most-likely temperature of the reservoir
(93°Q)

For water in Kozak, 4.26 kJ/kg-°C is used, which corre-
sponds to the most-likely temperature of the reservoir
(163 °C)

Hydrothermal

Cap Rock == Soma
Reservoir Rock =»Yuntdag-1

Kinik
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3.1.2 Operational parameters and development scenarios

Operational parameters are taken as constants since
the main objective of this study is to analyze the impact
of uncertain reservoir characteristics. Project life was
assumed to be 30 years as a typical project development
and utilization cycle for geothermal resources [17]. For
direct utilization (heating), load factor was taken as 0.50
considering the climate data of Dikili region [13]. For
indirect utilization (electricity), the load factor was taken
as 0.95 considering the maintenance time for power
plants. The conversion factor was taken as 0.12 for indi-
rect utilization and as 0.95 for direct utilization as also
used in [17]. The minimum measured well temperature
in the region is 41.5 °C. This temperature was defined as
the utilization temperature for direct utilization (heat-
ing). For indirect utilization, a rejection temperature of
60 °C was used considering the possibility of scaling
under this temperature.

Figure 6 shows a summary structure of the probabilis-
tic assessment carried out for the geothermal resources
of Dikili. Both real and unit volumes are considered
to understand the potential in both terms. Kozak and
Yuntdag reservoirs are considered for both direct and
and indirect utilization. This helped us to analyze a wide
array of possibilities regarding the development of these
resources.

3.2 Critical analysis

The sustainability attributes of the presented scenarios
were evaluated by both from environmental and eco-
nomic perspectives. The potential reduction in the CO,
emission amount by utilizing these resources instead of
natural gas was estimated. It is estimated that typical geo-
thermal power plants emit around 15% of what a natural
gas plant would emit to generate the same amount of
power [11]. To estimate the amount of CO, emitted dur-
ing the natural gas combustion process, the following
assumptions are considered:

e Pure methane (CH,) is considered as natural gas with a
density of 0.7 kg/m3, which yields 8250 kcal of energy
when combusted. Combustion reaction of methane
and oxygen is:

CH, +20, — CO, + 2H,0

According to this reaction, when 1 mole (16 g) of
CH, gets into the combustion reaction, 1 mole (44 g) of
CO, gets released to the atmosphere. It is assumed that
there is not any CO, capture mechanism in the power
plant and it is fully released to the atmosphere.

With these assumptions, CO, generated (kg) per year by
utilizing a natural gas (CH,) power plant can be estimated
from the following equation:

Real Volume

Dikili Geothermal Region
Development Scenarios

Unit Volume

Ir)qirept
Kozak Utilization
= Direct
Utilization
Irjdirept
Yuntdag Utilization
Hydrotherma Direct
Utilization
Indirect
Kozak Utilization
i Direct
Utilization
Irjgiirept
Yuntdag Utilization
Hydrothermal —
Utilization

Fig. 6 Development scenarios with different utilization ways of Yuntdag and Kozak reservoirs. Both real and unit volumes are considered
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1m?3

Annual kg of CO, = (NEP)(

7.54 x 100 kcal
1 year 8,250 kcal

0.7kg\ [ 4449 (5)
1m3 169

where NEP is the net electrical power in MW. To esti-
mate the economic benefits of utilizing the geothermal
resources, the following assumptions are considered:

e Based on average European Union natural gas import
prices in 2019, natural gas costs $170 per 1000 m3[16].

e There is no CO, incentive or tax regulation taken into
account as it is now in Turkey [32]. However, a CO, tax
regulation such as 13.6 euro per ton of CO, [19] is also
considered as a future possibility. Therefore, this regula-
tion is also included to see the potential benefit from
the operating company’s perspective.

o The efficiency of the natural gas cycle power plant is 50%.

Therefore, the economic burden of imported natural gas
on Turkish economy can be calculated from:

Vol. purchased (m3) $170

4 Results and discussion

Monte Carlo simulations were carried out with 10,000
simulations by generating scenarios considering the
statistical distribution of each input parameter. For
each scenario, net thermal power and net electrical
power were computed and their cumulative probability
distributions (expectation curves) were obtained. Fig-
ures 7 and 8 show these curves for Yuntdag and Kozak,
respectively, for real volume calculations that consider
the estimated extent of the reservoir areally and verti-
cally. Table 2 shows the values that correspond to the
cumulative probabilities of 10%, 50% and 90%. These
values represent the probabilities to have the resource
base at a given level. Therefore, 90% can be considered
as the high-confidence case, 50% can be considered as

Annual cost of natural gas per year =
gaspery 1 year

1 6)

1000 m3 0.5

Table2 Power output of each case in with 10%, 50% and 90%
probability, respectively (for real volume of reservoirs)

Cumulative probability (%)

10 50 90
Kozak-EGS Indirect(MW,) 32 17 8
Direct(MW,) 560 300 150
Yuntdag-hydro- Indirect (MW,) 150 75 30
thermal Direct (MW, ) 3148 1700 850
(a)'® 90%: 850 MW,
09 50%: 1700 MW,
08 10%: 3148 MW,
0.7
206
g 0.5
E 0.4
03
0.2
0.1
0.0
0 1,000 2,000 3,000 4,000 5,000 6,000

Net Thermal Power (MW,)

the mid-confidence (or most-likely) case, and 10% can
be considered as the low-confidence case. These results
show that Yuntdag hydrothermal reservoir can produce
4.4 times more electrical power than Kozak, with 50%
probability. Similarly, Yuntdag has the potential to pro-
duce 5.7 times more thermal power than Kozak. There-
fore, when the full areal and vertical extent of these
resources are considered, Yuntdag has a more prolific
potential than Kozak. Based on 90% probability esti-
mates, Yuntdag has the potential of providing 4.2 times

1.0

(b) 90%: 30 MW,
0.9 50%: 75 MW,
0.8 10%: 150 MW,

0 100

200

300 400

Net Electrical Power (MW,)

Fig. 7 Cumulative expectation curve for Yuntdag hydrothermal reservoir for real-volume case a direct utilization, b indirect utilization
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1.0 1.0
(@) 00%: 150 mw,  (P) 90%: 8 MW,

0.9 50%: 300 MW, 0.9 50%: 17 MW,
0.8 10%: 560 MW, 0.8 10%: 32 MW,
07 0.7

206 206

|05 |05

S S

g 04 q 04
0.3 0.3
0.2 0.2
0.1 0.1
0.0 0.0

0 200 400 600 800 1,000 0 10 20 30 40 50 60

Net Thermal Power (MW,)

Net Electrical Power (MW,)

Fig. 8 Cumulative expectation curve for Kozak-EGS reservoir for real-volume case a direct utilization, b indirect utilization

Table 3 Power output of each case in with 10%, 50% and 90%
probability, respectively (for unit volume of reservoirs)

Cumulative probability (%)

10 50 9

Kozak-EGS  Indirect(MW,) 1.01E-08 6.70E-09  3.80E-09

Direct (MW,) ~ 1.72E-07  1.18E-07  7.20E-08

Yuntdag- Indirect (MW,) ~ 3.74E-09  2.10E-09  1.00E-09

hyo:rothef- Direct (MW,)  7.50E-08 4.80E-08  2.80E-08
ma

more thermal production in the region. This corresponds
to 4.17 million m? greenhouse heating or heating of
95,031 residences, assuming 100 m? of floor area per
residence.

(a)1.0
——Kozak - EGS
0.9 Yuntdag - Hydrothermal
0.8 Kozak:
07 90%: 7.20E-08 MW,
- 50%: 1.18E-07 MW,
2 06 10%: 1.72E-07 MW,
% 0.5 Yuntdag:
5 90%: 2.80E-08 MW,
o 04 50%: 4.80E-08 MW,
03 10%: 7.5E-08 MW,
0.2
0.1
0.0
0.00E+00 1.00E-07 2.00E-07 3.00E-07

Net Thermal Power (MW,)

Unit volume based assessment is also important to
have a comparison regarding the efficient extraction
of the resource base. Probabilistic assessment was per-
formed for 1 m3 of reservoir volume for both reservoirs.
Figure 9 shows the expectation curves for both direct
and indirect utilization options. Table 3 shows the values
that correspond to the cumulative probabilities of 10%,
50% and 90%. In this case, Kozak has the potential of
producing 3.2 and 2.5 times more power than Yuntdag,
considering indirect and direct utilization, respectively.

A sensitivity analysis was completed to understand
the importance of input variables regarding the resource
assessment calculations. This was performed using one-
variable-at-a-time approach (OVAT), in which, only one
variable is varied within its own range, while keeping the
other variables at their most-likely values. By comput-
ing the resource base in each step, a tornado chart can

(b)1.0
——Kozak - EGS
0.9 Yuntdag - Hydrothermal
0.8 Kozak:
07 90%: 3.80E-09 MW,
50%: 6.70E-09 MW,
EO.B 10%: 1.01E-08 MW,
% 0.5 Yuntdag:
5 90%: 1.00E-09 MW,
& 0.4 50%: 2.10E-09 MW,
03 10%: 3.74E-09 MW,
0.2
0.1
0.0
0.00E+00 5.00E-09 1.00E-08 1.50E-08

Net Electrical Power (MW,)

Fig. 9 Cumulative expectation curve for unit-volume case a direct utilization, b indirect utilization
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Fig. 10 Tornado charts that show the sensitivity to input parameters: a Yuntdag hydrothermal direct utilization, b Yuntdag hydrothermal
indirect utilization, ¢ Kozak EGS direct utilization, d Kozak EGS indirect utilization

be constructed to analyze the impact of each input vari-
able. Figure 10 shows the tornado charts for both reser-
voirs and for both utilization options. In these charts, the
size of the bars indicate the swing value, which represents
the degree of impact. In all cases, reservoir temperature,
thickness, area, and recovery factor have a considerable
impact on the resource base. For Yuntdag, temperature is
the most important variable. For Kozak, areal extent is the
most important variable. Rock density, fluid density and
porosity do not have a considerable significance. These
results essentially have two meanings for the former four
variables that are important: 1) The exact value of these
variables affects the resource assessment significantly.
Therefore, an increase or decrease in their actual quanti-
ties could result in a dramatic change in the assessment. 2)
An effort should be made to reduce the uncertainty range
for these variables to also reduce the uncertainty in the
resource assessment.

To analyze the sustainability attributes of the develop-
ment of the geothermal resources in Dikili Region, amount
of CO, that would be saved from emission can be esti-
mated. By substituting the most-likely (50% probability)
net electrical power potentials of Kozak and Yuntdag, 17
and 75 MW,_, into Eq. 5, it is found out that 30 MM kg and

132 MM kg of CO,, respectively, would be generated by a
natural gas power plant in a given year of operation. Since
a geothermal power plant would emit approximately 15%
of this amount [11], 85% would be saved from being emit-
ted into the atmosphere (25 and 112 MM kg). Even though
this is a rough estimate, it demonstrates the potential ben-
efit from an environmental point of view.

The economic benefits can be quantified by consid-
ering the economic burden on Turkish economy due to
natural gas import. Using Eq. 6, the cost of natural gas to
generate Kozak and Yuntdag's most-likely power potential
can be estimated. 17 and 75 MW, correspond to 15.5 MM
m?3 and 68.6 MM m? of natural gas per year, respectively. At
$170/1000 m3, the costs per year is $5.3 million for Kozak,
and $23.5 million for Yuntdag. If a tax regulation is in place
that allows operating companies to be compensated for
the reduction in CO, emissions (e.g. 13.9 euros per ton
of CO,), this could be another benefit from the operat-
ing companies’ perspectives. When the aforementioned
reductions of CO, emission is considered, an operating
company could save approximately $0.35 million and $1.6
million in a given year, for Kozak and Yuntdag, respectively.
These sample high-level calculations altogether high-
light some of the sustainability attributes of the potential
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development plans in these reservoirs. More detailed eco-
nomic and environmental assessments would be neces-
sary to demonstrate the actual feasibility and benefits.

5 Conclusions
The following key conclusions are drawn from this study:

1. Based on available data, both Yuntdag hydrother-
mal and Kozak EGS can be promising candidates for
development for both direct and indirect utilization,
in terms of the available resource base. While Yuntdag
has a better potential in terms of real volume, Kozak
has a better profile on the unit-volume basis.

2. Sustainability related benefits of these geothermal
resources were demonstrated by sample calculations.
There could be a reduction of 25 and 112 MM kg of
CO, emitted per year when Kozak or Yuntdag is utilized
instead of a natural gas power plant.

3. Sensitivity analysis showed that the reservoir size,
temperature and recovery factor are the most critical
parameters that affect the resource assessment. It was
also shown that calculations are not sensitive to rock/
fluid density and porosity, within the specified ranges.
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