Pre prints.org

Article Not peer-reviewed version

Techno-Economic Assessment (TEA)
and Sensitivity Analysis of Geothermal
Power in Oman Using SAM (System
Advisor Model)

Osama A. Marzouk ~

Posted Date: 5 May 2026
doi: 10.20944/preprints202605.0188.v1

Keywords: Oman; geothermal; system advisor model; levelized cost of energy; techno-economic

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC, OpenAlex.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1253273
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2026 d0i:10.20944/preprints202605.0188.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Techno-Economic Assessment (TEA) and Sensitivity
Analysis of Geothermal Power in Oman Using SAM
(System Advisor Model)

Osama A. Marzouk

College of Engineering, University of Buraimi, Al Buraimi, Postal Code 512, Sultanate of Oman;

osama.m@uob.edu.om

Abstract

The Sultanate of Oman enjoys plenty of solar energy and wind energy; both have been exploited
successfully in the country. However, geothermal energy has not been exploited yet in Oman. This
natural heat source deserves more studies to assess its technical potential and economic feasibility
compared to other electricity generation technologies in Oman. The current study fills this gap by
presenting a techno-economic assessment (TEA) of a small 30-MW geothermal power plant in Oman,
operating on a binary (two-fluid) cycle, with a drilling depth of 2 km. The analysis was performed
using the renowned software tool SAM (System Advisor Model) of the United States National
Renewable Energy Laboratory (NREL). The current results suggest a levelized cost of energy (LCOE)
of 8.68 cents/kWh (0.0868 US$/kWh) or 33.4 baisa/kWh (0.0334 OMR/kWh). When compared with
electricity tariff or solar photovoltaic (PV) power purchase agreement (PPA) rates in Oman, it was
found that geothermal-based electricity is too expensive. Furthermore, the estimated geothermal
LCOE is more than three times the LCOE value of self-owned photovoltaic (PV) power systems in
Oman, which is around 10 baisa/kWh (0.010 OMR/kWh). The estimated first-year electricity
generation for the geothermal power plant model is 261.268 GWh/year, leading to a specific electricity
generation of 8,709 kWh/kW/year. This is about five times the specific power generation from PV
power plants. The study is augmented by sensitivity analyses and regression models to help
understand the impact of multiple input parameters. The study provides novel results regarding
decision-making for geothermal power investment in Oman.
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1. Nomenclature (In Alphabetical Order)

¢ American cent (100 ¢ =1 US$)

AC Alternating current (of electricity)

atm Standard atmosphere (a pressure unit) [1,2]
baisa One-thousandth of an Omani rial (1,000 baisa = 1 Omani rial)
BP Boiling point (boiling temperature) [3,4]

Bz Abbreviation for baisa

CAD Computer-aided design

CAE Computer-aided engineering

CBO Central Bank of Oman

CF Capacity factor

CFD Computational fluid dynamics

CRT Cost reflective tariff

DOE United States Department of Energy

EAR East African Rift [5,6]

EC European Commission

EPC Engineering, procurement, and construction
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epw EnergyPlus [7-14] Weather (file format)
EU European Union
GCR Ground coverage ratio [15-17]
GDP Gross domestic product
GEM Global Energy Monitor
GETEM Geothermal Electricity Technology Evaluation Model
GGPT Global Geothermal Power Tracker
GHG Greenhouse gas
GMT Greenwich Mean Time
GTO Geothermal Technologies Office (under the United States Department of Energy)
HT High tension
HV High voltage (same as HT)
ISA International Standard Atmosphere
JRC Joint Research Centre [18,19]
kv kilovolt
LCOE Levelized cost of electricity or energy [20-27]
LT Low tension
LV Low voltage (same as LT)
MSL Mean sea level
MT Medium tension
MV Medium voltage (same as MT)
OMR Omani rial
PDO Petroleum Development Oman
PES Primary energy supply [28-32]
PP Percentage point
PPA Power purchase agreement [33-37]
ppm Part per million (for water salinity, by mass)
PV Photovoltaic
PVGIS Photovoltaic Geographical Information System
NREL United States National Renewable Energy Laboratory
SAM System Advisor Model
SOR Secondary oil recovery
TDS Total dissolved solids
TEA Techno-economic assessment
TEG Thermoelectric generator
™Y Typical meteorological year [38—42]
WOR Water-oil-ratio

2. Introduction
2.1. Geothermal Energy as a Natural Heat Source

Volcanoes can cause significant geophysical and environmental impacts. Yet, volcanoes are
reminders of a colossal source of geothermal heat [43] available in the underground layers of the
Earth [44]. The hot lava erupting from a volcano onto the Earth's surface are no more than molten
rocks (magma) that were able to find an opening in the Earth’s surface to come out [45], with high
temperatures (exceeding 1,100 °C) [46], as a viscous flow of molten minerals, moving slowly over the
ground until it cools and solidifies as rocks [47].

The geothermal heat stems from the molten Earth’s core, with energy released due to the decay
of unstable radioactive elements [48], which lose mass in the form of energy [49]. This heat is
transferred toward the Earth’s surface by both heat conduction and heat convection [50]. This leads
to a natural shallow temperature gradient radially [51], causing subsurface temperature to increase
when drilling deep beneath the Earth’s surface. This heating process occurs so slowly (over billions
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of years) and involves relatively abundant long-lived radioactive isotopes, especially ¥K, 232Th, 25U,
and 28U. Therefore, geothermal heat energy is treated as a renewable energy source [52].

Rainwater is collected in underground reservoirs (upon meeting an impermeable geological
layer that impedes further seepage through sands, porous or fractured rocks, and small holes) [53].
This trapped underground water is heated due to the conduction heat transfer, and this heating can
be sufficient to transform this water into very hot liquid water or even to vaporize a fraction of it to
be in the form of hot water vapor (steam) [54], with temperatures exceeding 300 °C (depending on
the depth below the Earth’s surface). This process establishes a hydrothermal resource (a natural
geothermal resource) of energy in the form of hot liquid water and/or steam [55].

Geothermal energy is among the minor renewable energy sources [56], which are those sources
not widely exploited (such as wave energy [57], crop-based biofuels [58], and tidal energy [59]).
Compared to the three major renewable energy sources (photovoltaic solar energy [60], wind energy
[61], and hydroelectric energy [62]), geothermal energy is much underutilized globally. However,
there are promising examples of countries that heavily invest in geothermal energy. For example,
Kenya in 2022 had the largest percentage share of geothermal-based electricity generation, which was
about 45% [63]. This can be attributed to the high capacity factor (above 95%) and the reliability [64]
of geothermal power in Kenya. Kenya is located along the East African Rift (EAR) [65], which is the
most active and largest continental rift in the world [66]. This location enables the formation of hot
shallow geothermal reservoirs [67-70]. This geological feature of Kenya offers ideal subsurface
conditions for extracting underground steam near the surface. As a result, exploration and
development are relatively feasible economically.

Iceland is another admirable example where geothermal energy is a sizeable contributor to the
country’s energy mix [71]. The country depends strongly on renewable energy [72]. In 2014, 66% of
Iceland’s primary energy use came from geothermal sources [73]. In 2015, renewable energy
accounted for nearly all the electricity generation in Iceland, with about 27% of this generation
coming from geothermal power, and 73% coming from hydropower [74]. In 2023, the electricity
generation mix in Iceland had a share of 70.3% from hydropower and a share of 29.7% from
geothermal power. Thus, it was 100% from a renewable primary energy supply (PES) [75].

2.2. Advantages of Geothermal Energy

Carbon dioxide (CO2) emissions from geothermal power systems are possible, and these
emissions contribute to the greenhouse gas (GHG) effect by absorbing reflected radiation from the
Earth [76], in a phenomenon known as downwelling radiation [77]. However, they are still generally
low when compared to traditional baseload (continuously running at approximately a steady output)
thermal power systems that involve the combustion of fossil fuels [78].

Geothermal resources have advantages compared to other natural energy resources. Compared
to solar radiation [79], winds [80], and thermally-induced draft; geothermal reservoirs are constantly
available during the 24 hours of the day. This means that a geothermal power plant may operate with
a high capacity factor (CF) in excess of 90% [81]. This is much higher than typical capacity factors in
wind power, which are around 30% [82], and also much higher than typical capacity factors in solar
photovoltaic (PV) power, which are around 20% [83]. Baseload hydropower plants can achieve high
capacity factors like geothermal power plants [84], although some hydropower units can also have
low capacity factors comparable to those of wind power units [85].

The capacity factor is defined as [86]
CF = electric energy generated during one year (kWh/year)

nameplate capacity (kW) x 8,760 (hours/year) M
Compared to hydropower [87], geothermal reservoirs are local sources of energy, instead of

depending on a river whose source can be in another country or a faraway domestic territory that is
located outside local control and direct management. This is another advantage of geothermal power.

Because geothermal power systems utilize a heat source located deeply beneath the ground
surface, these systems have smaller footprints and less impact on surface ecosystems compared to
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many other power systems of either the renewable energy category or the conventional fossil-fuel-
based category [88]. Table 1 compares the estimated required land area per generated gigawatt-hour
(GWh) of electricity using different electricity generation technologies. It can be seen that a
geothermal power plant may demand only 30.3% (1/3.30) of what a wind power plant demands, only
12.5% (1/8.01) of what a solar photovoltaic (PV) power plant demands, only 11.1% (1/9.01) of what a
coal-fired thermal power plant demands, and only 5.05% (1/19.80) of what a gas-fired thermal power
plant demands.

Table 1. Comparison of power plant technologies in terms of land needs per unit energy (1 GWh) of electricity

produced.
Land needs of
Needed land Geothermal land
other technologies
Power plant type per GWh use as % of other Reference
relative to
annually technologies
geothermal plants
Geothermal 404 m? 1.00 100% [89]
Wind 1,335 m? 3.30 30.3% [89]
Solar
3,237 m? 8.01 12.5% [89,90]
photovoltaic
Coal-fired 3,642 m? 9.01 11.1% [89]
Natural gas 8,000 m? 19.80 5.05% [91]

To further explain the meaning of the above table, a solar photovoltaic (PV) array with a specific
power generation of 2,000 kWh/kW/year [92] is considered as an example. Because each kW occupies
amodule area of about 4.5 m? (assuming a module efficiency of 22.2%), this specific power generation
can be converted approximately into 444 kWh/m?(module area)/year. Assuming a ground coverage
ratio (GCR) of 0.68, then this specific power generation becomes about 300 kWh/m?(land)/year or 3 x
10+ GWh/m?(land). Inverting this factor gives 3,333 m?(land)/GWh/year. This is close to the figure in
the above table, which is 3,237 m?(land)/GWh/year.

2.3. Drawbacks of Geothermal Energy

Geothermal energy utilization is not considered a significant source of greenhouse gas (GHG)
emissions that cause global warming. Small amounts of carbon dioxide (COz) may be released from
geothermal power plants during the energy conversion process due to the presence of dissolved gases
contained in geothermal fluids [93]. Although geothermal emissions of carbon dioxide (COz) to the
atmosphere do not involve combustion of a combustible fuel, they are still undesirable radiatively
active gases [94] regardless of their clean origin.

Geothermal power plants may release hydrogen sulfide [95] (hydrogen sulphide) gas (H:S),
which is toxic.

Another limitation of geothermal energy is that it is geographically preferred in (but not
restricted to) areas near tectonic plate boundaries [96].

The size of the geothermal reservoir (the amount of contained hot liquid water and/or steam)
imposes a constraint regarding the duration over which it can actually be exploited [97]. Therefore,
while geothermal energy can be described globally and theoretically as a renewable, sustainable
source of heat; locally and practically, a naturally existing geothermal resource has a lifetime [98] like
other groundwater sites [99], oil fields [100], and natural gas fields [101].
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One of the major concerns about geothermal power plants is the large upfront capital costs that
need to be paid before any production [102]. These initial costs include the well drilling in order to
access the deep geothermal reservoir [103], and such drilling costs are not present in photovoltaic
(PV) solar power systems and wind power systems, for example. This is a major barrier against the
wide deployment of geothermal power technology.

2.4. Status of Geothermal Energy in the World

It can be useful to describe the utilization level of the global geothermal energy. The source of
data here is the Global Geothermal Power Tracker (GGPT) dataset [104-107] of the Global Energy
Monitor (GEM) portal [108]. The data correspond to March 2025, and they were the latest available
records at the time of preparing this text (December 2025). The dataset covers all geothermal units
having a capacity of 1 MW and higher.

Figure 1 shows the Pareto chart representation of the geothermal power capacity of operating
geothermal units in all countries with such operational geothermal units (total 27 countries having a
total of 480 operating geothermal units). The global operational capacity is 16,173.41 MW. The top
ten countries investing in the geothermal energy are: (1) United States, (2) Indonesia, (3) Philippines,
(4) Turkiye, (5) New Zealand, (6) Mexico, (7) Italy, (8) Kenya, (9) Iceland, and (10) Japan. They
together have an operational capacity of 15,194.31 MW (93.95% of the global operational capacity).

It should be noted that these data from the Global Geothermal Power Tracker (GGPT) dataset of
the Global Energy Monitor (GEM) portal are not targeting geothermal energy potential, but actual
geothermal power units (electricity generation from exploited geothermal energy). This explains why
a country like India is not among the dataset countries, although there are several studies related to
its geothermal resources and hot springs [109-112]. While India developed a plan for establishing its
first geothermal power plant [113], this is not yet an “operational capacity”, and this is not listed in
the figure.

Pareto Chart (Geothermal Operational Capacity by Country, in MW) March 2025
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Figure 1. Distribution of geothermal power by country (operational capacity).

Table 2 augments the previous figure by listing the geothermal capacity for each of the 27
countries having one or more operating geothermal units, along with the number of these units in
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each county, and the average capacity per unit in each country. Overall (globally), the average
capacity of the operating geothermal units is 33.69 MW /unit.

Table 2. Distribution of geothermal power by country (operational capacity and number of operational

geothermal units).

Country (descending | Operational Capacity | Number | Average Capacity per

Index
order by capacity) (MW) of Units Unit (MW/unit)

1 United States 3733.5 118 31.64
2 Indonesia 2431.9 50 48.64
3 Philippines 1937 39 49.67
4 Tiirkiye 1726.11 68 25.38
5 New Zealand 1376.7 32 43.02
6 Mexico 941 23 4091
7 Italy 834 32 26.06
8 Kenya 816.5 16 51.03
9 Iceland 779.4 24 32.48
10 Japan 618.2 30 20.61
11 Costa Rica 253 7 36.14
12 El Salvador 211.2 8 26.40
13 Nicaragua 158.6 6 26.43
14 Chile 81 3 27.00
15 Russia 50 1 50.00
16 Guatemala 46 2 23.00
17 Croatia 36.1 4 9.03
18 Honduras 35 1 35.00
19 Papua New Guinea 30 1 30.00
20 Portugal 24 3 8.00
21 Germany 18.9 4 473
22 Guadeloupe 15 2 7.50
23 Taiwan 5.2 2 2.60
24 Canada 5 1 5.00
25 Iran 5 1 5.00
26 Hungary 3.4 1 3.40
27 France 1.7 1 1.70

World 16173.41 480 33.69

Figure 2 shows the Pareto chart representation of the geothermal power capacity of prospective
geothermal units in all countries with such prospective (expected) geothermal units (total 35
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countries having a total of 224 prospective geothermal units). The term “prospective” here refers to
geothermal units that are either under construction or pre-construction or have been announced. The
224 prospective geothermal units are categorized as 52 in the construction phase, 111 in the pre-
construction phase, and 61 announced. The global prospective capacity is 15,357.3 MW. The top ten
countries in terms of planned installations in the geothermal energy are: (1) United States, (2)
Indonesia, (3) Laos, (4) Kenya, (5) Philippines, (6) Tiirkiye, (7) Ethiopia, (8) Canada, (9) New Zealand,
and (10) Dominica. They together have a prospective capacity of 14,308.5MW (93.17% of the global
prospective capacity).

Pareto Chart (Geothermal Prospective Capacity by Country, in MW) March 2025
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Figure 2. Distribution of geothermal power by country (prospective capacity).

Table 3 augments the previous figure by listing the geothermal capacity for each of the 35
countries having one or more prospective geothermal units, along with the number of these units in
each county, and the average capacity per unit in each country. Overall (globally), the average
capacity of the prospective geothermal units is 68.56 MW /unit, which is approximately twice the
average value of operating geothermal units.

Table 3. Distribution of geothermal power by country (prospective capacity and number of prospective

geothermal units).

Country (descending | Prospective Capacity | Number Average Capacity per

Index
order by capacity) (MW) of Units Unit (MW/unit)
1 United States 4292 40 107.30
2 Indonesia 3495 52 67.21
3 Laos 2000 2 1000.00
4 Kenya 1845 25 73.80
5 Philippines 1065.6 23 46.33
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6 Tiirkiye 473.9 16 29.62
7 Ethiopia 400 5 80.00
8 Canada 340 10 34.00
9 New Zealand 267 5 53.40
10 Dominica 130 2 65.00
11 Croatia 116 4 29.00
12 Costa Rica 110 2 55.00
13 Bolivia 100 2 50.00
14 Chile 100 2 50.00
15 Peru 100 1 100.00
16 Tanzania 70 2 35.00
17 Iceland 67 2 33.50
18 El Salvador 64 4 16.00
19 Japan 5513 3 18.43
20 Ecuador 50 1 50.00
21 Saint Kitts and Nevis 40 2 20.00
22 Colombia 30 1 30.00
23 Solomon Islands 30 1 30.00
24 Zambia 23 3 7.67
25 Germany 20 2 10.00
26 Slovakia 12.5 2 6.25
27 Zimbabwe 10 1 10.00
28 Guadeloupe 10 1 10.00
29 Portugal 10 1 10.00
30 Greece 8 1 8.00
31 United Kingdom 7 2 3.50
32 Saint Vincent 5 1 5.00
33 Switzerland 5 1 5.00
34 Taiwan 4 1 4.00
35 Montserrat 2 1 2.00
World 15357.3 224 68.56

2.5. Electricity Mix in Oman

According to the latest (2023 edition) annual report of the Central Bank of Oman (CBO) [114],
oil and gas revenues have typically occupied more than half of the total country’s revenues between
2019 and 2023. This is illustrated in Table 4. These data reveal the historical heavy reliance of Oman
on fossil fuels, and show a lack of energy diversification as well as economic vulnerability due to
exposure to the volatility of the global fossil fuel market [115,116].
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Table 4. Fiscal indicators for Oman.
2023
Indicator 2019 2020 2021 2022 Reference
(estimated)

Share of oil and gas

57.6% 46.3% 50.1% 52.7% 57.0% [117]
in total revenues
Total revenues as a

31.3% 29.1% 33.3% 33.6% 30.0% [117]
percentage of GDP
Oil and gas revenues
as a percentage of 18.0% 13.5% 16.7% 17.7% 17.1% [117]

GDP

As of 2024, the electricity generation in Oman remains overwhelmingly dominated by fossil
fuels, particularly natural gas [118]. Natural gas is still the primary energy source for electricity
generation in Oman, approximately contributing 93% of the total electricity production. In 2024,
renewable energy sources in Oman accounted for 4.2% (3.9% solar photovoltaic, and 0.3% wind),
only [119]. The share of electricity generation from renewables in Oman was 0.00% up to 2016, as
shown in Table 5.

Table 5. Share of renewables in electricity generation in Oman (data from Reference [120]).

2016 2017 2018 2019 2020 2021 2022 2023 2024

0.00% 0.06% 0.13% 0.15% 0.80% 1.91% 3.79% 4.04% 4.20%

Despite this traditional penetration of natural gas into the electricity sector in Oman, this is
expected to drastically change, with big strides toward renewable energy [121], particularly in solar
photovoltaic (PV) power plants and onshore wind farms. The anticipated capacity additions of
renewable electricity in Oman are not only to meet increasing demand (both average and peak) on
electric capacity [122] for residential consumption [123] and electrification [124-127]. In fact, a major
driver for this huge planned investment in renewable electricity in Oman is the national
determination to be a pioneer in producing green hydrogen [128] and green hydrogen derivatives
(such as green ammonia). This requires proportional generation of renewable electricity to power the
water electrolyzers that split water into oxygen and green hydrogen. Hydrogen and its derived fuels
and industrial feedstocks [129] are nontraditional energy carriers that recently attracted global
attention [130] as zero-carbon alternatives (in the case of green hydrogen) [131] or low-carbon (when
considering both green hydrogen and blue hydrogen) alternatives [132] to fossil fuels. The
revolutionary advancement in Oman’s electricity sector is not in isolation from other sectors. The
country is undergoing noticeable progress in multiple aspects in accordance with Oman Vision 2040,
such as sustainable life [133], economic diversification [134], higher education [135-137], an attractive
labor market [138], protected environment [139], innovation and novel technologies [140], green
urban development, flexible government, and globalization [141].

It is useful to add here that Oman has an official national net-zero target by 2050 [142]. In
addition, the country took measures toward installing about 70 GW of renewables in 2040, which is
expected to increase to nearly 180 GW in 2050 [143].

2.6. Geothermal Energy in Oman and a Binary Geothermal Plant

Geothermal energy has never been exploited in Oman, and it is not among the near-future
possibilities of the large-scale renewable energy installations. The two technologies of renewable
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energy that have been successfully installed and are expected to dominate renewable energy projects
in Oman are ground-mounted solar PV module arrays and onshore wind farms [144].

The potential of geothermal energy in Oman is not clear, and deserves further investigation.

One study [145] analyzed temperature maps for existing borehole locations at depths varying
between 500 m and 1500 m. These boreholes were within the concession area of the Petroleum
Development Oman (PDO) company, which is the leading company in Oman for oil and gas
exploration and production. PDO is jointly owned by the Omani government (60% share), Shell plc
(34% share), Total (4% share), and Partex (2% share). The analysis showed that the highest
temperature is 174 °C, which is below the temperature required for running a steam power plant
directly using underground steam. In another subsequent study, the same research team concluded
that geothermal energy in Oman does not have any potential use [146]. This was attributed to their
opinion in the earlier study, which considered the temperatures in the examined boreholes not high
enough.

The aforementioned conclusion is considered inaccurate and unnecessarily inauspicious. The
reason for this judgment is given as follows: It is admitted that the temperature of the geothermal
resource predominantly decides the suitability of this resource for electricity generation through a
steam power plant [147]. However, temperatures exceeding 150 °C are still sufficient for electricity
generation, but a flashing stage [148] is then required to convert hot liquid water into vapor by a
sudden reduction of the pressure. Even without flashing, geothermal resources with lower
temperatures (as low as 95 °C) can still be used to generate electricity using a steam power plant, but
through a binary (two-fluid) cycle [149]. In such a binary-cycle power system, the geothermal hot
liquid water extracted from the reservoir is used as a heat source only and is not converted into steam
that is sent to a steam turbine within a steam power plant. Instead, a different working fluid with a
low boiling point (BP), such as butane (CsHzio, normal BP -0.5 °C) [150] or the hydrofluorocarbon
refrigerant R134a (C2HzFs, normal BP -26.1 °C) [151], is heated and evaporated as superheated vapor
that is then expanded in the turbine to produce mechanical rotary shaft energy according to an
organic Rankine cycle (ORC) than drives an electric generator [152,153].

In thermodynamic terms, the geothermal binary cycle involves two cycles and two different
fluids that do not come into contact with each other. First, there is an open single-phase (liquid only)
primary cycle for the geothermal fluid (hot water) that is withdrawn from the underground reservoir
and then injected back into another injection reservoir. Second, there is a closed two-phase [154]
(liquid and vapor) secondary cycle for the working fluid (having a lower boiling temperature than
water) that changes phase between liquid and vapor, and repeatedly circulates through an expansion
turbine, condenser, pump, and heat exchanger. In the heat exchanger (also called evaporator as in
refrigeration applications), the working fluid absorbs heat from the geothermal hot water such that
the working fluid vaporizes and becomes superheated compressed vapor suitable for expansion and
energy extraction inside the turbine.

The primary cycle is easier to analyze because it has an incompressible fluid [155], with no
moving mechanical parts. On the other hand, the secondary cycle includes a compressible gas during
parts of it, and also includes work extraction (via a turbine) and work addition (via a pump); these
features make this cycle more difficult to analyze. It is pointed out that the resilience offered by the
binary cycle in terms of its tolerance for low temperatures comes with a penalty of reduced energy
conversion efficiency (such as 15%) [156], which is implied by the second law of thermodynamics.

Figure 3 illustrates the components and operation of the binary-cycle geothermal power plant.
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Geothermal fluid Working fluid
(hot liquid water) (low boiling point)

Electric
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exchanger
(evaporator)
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(colder reservoir) Ground surface

Production well
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Figure 3. A sketch for the working principles of a binary-cycle geothermal power plant (this sketch is self-made;

it is not taken from an external source).

In addition, the reported conclusion about the uselessness of geothermal power in Oman was
based on surveying existing boreholes in specific sites, with a maximum depth of 1.5 km. Deeper
drilling and exploring additional sites for geothermal applications can lead to better outcomes due to
the effect of geothermal temperature gradients, such as 30 °C/km [157].

Another study reported water temperatures in the range of 68-137 °C in more than 55 boreholes
in Oman, and suggested a limited possibility of investing in geothermal power plants for electricity
generation compared to solar and onshore wind power plants [158]. Despite that, the mentioned
study still assessed geothermal power plants in Oman as being feasible.

A study listed 53 boreholes of PDO (in the block 6 concession area in Oman) that have a water
temperature beyond 100 °C. The maximum recorded temperature was 174 °C [159]. The mentioned
study thus proposed that a binary cycle geothermal power plant can be used for power generation in
Oman, given that this binary cycle is achievable at temperatures above 85 °C. It is helpful to add here
that, during the time of the mentioned study, PDO was operating more than 5,000 well drillings in
Oman for exploration in more than 120 oil fields. It is also helpful to add that PDO oil production
yields approximately seven volumes of well water per volume of crude oil, giving a water-oil-ratio
(WOR) of seven [160]. The majority of this byproduct oil well water is reinjected into the same well
or new wells, as a process of secondary oil recovery (SOR), which improves the oil recovery by
maintaining the reservoir pressure and by displacing hydrocarbons toward the wellbore. The oil well
produced water is not potable, but typically contains a high level of dissolved solids and other
contaminants, reaching, for example, a TDS salinity level of 8,000 ppm [161]. It is worth mentioning
here that 1 ppm water salinity means that each liter of water has 1 milligram of salt. Drinking water
(potable water) is generally restricted to a maximum limit of 1,000 ppm (0.1%), while seawater
(oceans) has approximately a salinity of 35,000 ppm (3.5%) [162].

Another study was conducted to assess the temperature distribution, as well as hydraulic
properties and heat transfer, within the sedimentary cover of northern Oman [163]. The findings of
the mentioned study support the presence of a geothermal potential, where geothermal heat can be
used for energy-intensive applications other than power generation, such as thermally driven cooling
(driven by an absorption chiller) [164] or water desalination.
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Despite the lack of comprehensive geological details about geothermal energy sources in Oman,
preliminary work suggests that the country hosts several geothermal reservoirs that have not been
explored, especially in the northern part of Oman along the Omani Mountains. These reservoirs are
primarily classified as low-enthalpy type (70-90 °C) and medium-enthalpy type (100-174 °C)
[165,166]. Geothermal energy potential is particularly attractive in pre-identified locations within the
area between the town of Fanja (23.461° N, 58.109° E) in the Wilayat (province) of Bidbid within Ad
Dakhiliyah governorate (state) and Al Ansab village (23.538° N, 58.349° E) in the Wilayat (province)
of Bausher in Muscat. The biggest known hot spring resource in Oman is Al Rustaq Hot Springs,
which is also called Al Kasfah Hot Spring (23.393° N, 57.411° E), located in South Al Batinah
governorate. It is a cluster of hot springs with the water temperature approaching 50 °C. The hottest
known hot spring in Oman is Ayn Al Hammam (23.529° N, 58.383° E), located in the Ghala region of
Muscat. The temperature of this surface spring reaches about 65 °C.

The highest recorded temperature for the borehole data of the Petroleum Development Oman
(PDO) is 174 °C (more precisely 173.68 °C), corresponding to the Makarem-I well (21.705° N, 56.464°
E), which is part of the broader Makarem Oil and Gas Field [167]. This location is within the giant
Khazzan oil and gas complex, in the western Ad Dhahirah governorate (state) of Oman [168]. The
Khazzan field is operated by BP (British Petroleum), while jointly owned by BP (60% share), OQ
Exploration and Production or OQEP (30% share), and PC Oman Ventures Limited, which is a
subsidiary of the Malaysian oil and gas company PETRONAS (10% share) [169]. This temperature is
high enough to mark the site as a candidate for geothermal power exploitation. In addition, 53 nearby
boreholes had temperatures exceeding 100 °C. On the other hand, the temperature of surface hot
springs in Oman usually ranges from 40 °C to 65 °C.

Regarding the tectonic framework of geothermal resources in Oman, the primary geothermal
activity is linked to the Frontal Range Fault (FRF), which is a major tectonic structure that was formed
during the obduction process of the Samael Ophiolite over the Arabian continental margin [163].

Unlike many geothermal zones, the geothermal heat in Oman is believed to be primarily driven
by deep circulation. In this heating mechanism, rainwater descends through fault lines, where it is
heated by the Earth’s crustal gradient, and then rises back to the surface [170]. Another geothermal
heating mechanism is believed to be the serpentinization of ultramafic rocks. In this case, an
exothermic chemical reaction occurs when water comes into contact with specific rock types in the
ophiolite.

2.7. Primary Objective of the Current Study (Addressed Research Gap)

The primary objective of the current study is to provide data-driven recommendations regarding
whether or not geothermal power is feasible in Oman as a commercial source of electricity that can
successfully compete with existing power plants. A clear view regarding such a recommendation
seems to be unavailable in the current literature, as shown in the previous subsection. Thus, there is
apparently a research gap that the current study aims to fill.

The answer to this question clarifies the expected status of this kind of renewable energy in the
country’s electricity sector. The findings of the current study constitute informed advice to
policymakers in Oman, as well as corporate investors (locally or foreign) in the electricity sector, by
which strategic decisions can be taken to divert the national focus toward geothermal power as a
novel technology or away from it toward the two mature and proven technologies of solar
photovoltaic panels and onshore wind turbines. For example, in an earlier study, a similar research
work for thermoelectric generators (TEG) was performed, leading to the conclusion that they cannot
compete with photovoltaic (PV) modules as large-scale electricity generation units because of both
technical and financial challenges [171]. This did not mean that thermoelectric generators are totally
useless. Instead, it meant that their domain of applicability is not large-scale centralized power plants,
but small-scale decentralized energy harvesting, especially that is if free from moving mechanical
parts [172].
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The current study has additional secondary objectives, such as reporting sensitivity analysis
outcomes for a binary geothermal power plant in Oman while exploring the influence of the resource
depth and the power capacity.

The current study also aims to present an example of using the SAM (System Advisor Model)
software to perform techno-economic assessment (TEA) for a geothermal binary power plant, which
can be performed for other geographic locations worldwide.

While the results of the current study focus on Oman (particularly Muscat), it can be viewed as
an archetypal example that can be insightful for other regions sharing similar climatic, energy, and
developmental scenarios.

3. Research Method
3.1. SAM (System Advisor Model)

The current study implements computational techno-economic assessment for an exemplary
binary-cycle geothermal power plant in Oman. The software program used here is System Advisor
Model (SAM) [173] by the United States National Renewable Energy Laboratory (NREL) [174].

The System Advisor Model™ (SAM™) is a free desktop application for conducting a technical
and financial feasibility study of renewable energy projects. SAM can be used with different
renewable energy technologies, such as solar photovoltaic (PV) arrays, concentrated solar power
(CSP), wind turbines, and geothermal plants. SAM can also model solar heat for industrial processes
(SHIP) [175] and battery storage [176]. SAM is a robust program that is backed by many years of
development and upgrades. The first public version was targeting solar energy professionals, and it
was released in August 2007 under the name (Solar Advisor Model Version 1), where it enabled
computer-aided design (CAD) [177] and computer-aided engineering (CAE) [178] of photovoltaic
systems and concentrated solar power systems (parabolic troughs) [179,180]. In 2010, the program
was renamed from (SAM: Solar Advisor Model) to (SAM: System Advisor Model) to reflect the
broader scope of this software, which became no longer limited to solar energy applications.

The SAM version used here is 2025.4.16 (16/April/2025), which was the latest release at the time
of initiating this study. SAM is available as a binary installation file and as open-source code.

Because SAM is developed and maintained by a reputable specialized research entity such as
NREL, which also developed many other free software programs in the fields of power and
renewable energy [181]; including desktop applications [182], web-based services [183], open-source
repositories [184], properties estimators [185], and computational fluid dynamics (CFD) packages;
SAM is a popular and widely adopted tool. SAM has been utilized in several studies in the literature
[186-193]. This testifies to its success and accuracy. SAM has been validated for geothermal power
output prediction in key example cases [194].

The computations of SAM (System Advisor Model) can be divided into two areas, namely
performance modeling and financial modeling.

The performance modeling in SAM is based on a timestep-by-timestep estimation of the electric
power output from the modeled system (modeled project). This results in time series data that
represent the system’s electricity generation over one year (the initial year of operation). The
simulation timestep is determined internally based on the temporal resolution of the data in the
required weather file (this can be selected from a built-in database or can be imported as an external
computer file), which can be hourly or subhourly.

The financial modeling in SAM is optional (can be deactivated). It estimates financial metrics of
the simulated project based on the project’s cash flows over the analysis period that the user specifies.
The financial model uses the estimated project’s electric outputs according to the performance model
to predict annual cash flows. Thus, the performance modeling is a prerequisite for the financial
modeling.
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A simulation in SAM involves calculating the electric output of the power project for each hourly
or subhourly timestep in a year, and also involves calculating the project’s cash flow over a multi-
year period.

The SAM simulations allow conducting studies that involve parametric modeling (sensitivity
analysis) to investigate the impact of variations and uncertainty in adopted assumptions (such as
performance parameters and financial parameters) on the model results, and this permits design
optimization [195-197].

The computations of the System Advisor Model software (SAM) are based on integral system-
level analysis, without the need for sophisticated multi-dimensional geometric representations
[198,199], turbulence modeling [200], structural modeling [201], or computational fluid dynamics
(CFD) techniques [202-204]. Instead, the computational core behind the SAM’s user interface for
geothermal power projects is an Excel-based model called GETEM (Geothermal Electricity
Technology Evaluation Model), developed by the United States Department of Energy (DOE) [205].
Earlier, before being transformed into a model within SAM, GETEM was a standalone Microsoft
Excel workbook [206-208]. This spreadsheet modeling is an advantage to make the simulation
relatively fast [209,210], without requiring specialized computational resources, advanced
computational skills [211], or specialized data processing dealing with extensive volumes of results
[212,213].

3.2. Weather Data File

The capital of Oman (Muscat) is selected as the representative site for performing the simulation
of the binary-cycle geothermal power plant in Oman. This choice is justified by the availability of
more data about it relative to other, less politically important cities in Oman, the concentrated
population (thus, high electricity demand and more access to skilled labor), and the proximity to
existing infrastructures as well as large corporations and service providers.

Because the built-in weather database in SAM (System Advisor Model) did not have a location
in Oman, it was necessary to import an external weather data file for Muscat. This weather file was
obtained using the Photovoltaic Geographical Information System (PVGIS) web tool [214] for
modeling solar power systems and for meteorological data. PVGIS is developed by the Joint Research
Centre (JRC) [215,216], which is the science and knowledge service of the European Commission (EC),
carrying out research in various areas to provide independent advice to policymakers of the
European Union (EU). PVGIS version 5.3 [217] was accessed. It was released on 25/September/2024
as an upgrade of the previous version PVGIS 5.2.1, and it was the latest at the time of initiating the
current study.

Searching for a location by the word “Muscat” in PVGIS, the following point was retrieved as

described in Table 6.
Table 6. Muscat data in PVGIS 5.3.
Property Value
Latitude 23.483° North
Longitude 58.592° East
Elevation 411 m

The typical meteorological year (TMY) records were downloaded using the database PVGIS-
SARAHS3: 2005-2023 [218]. Weather data were downloaded in the epw (EnergyPlus Weather) file
format [219,220]. The downloaded epw file contained a total of 8,768 lines, including eight header
lines. The data lines covered hourly points, from 1/January to 31/December, with a total of 8,760 lines
(365 days and 24 hours per day). Each line of weather data included information about [221]

1. date (year, month, day)
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time (hour)

air temperature at 2-m height (dry bulb temperature)

relative humidity

global horizontal irradiance

direct (beam) normal irradiance

diffuse horizontal irradiance

long-wave downwelling (from the atmosphere) infrared radiation

0 ® NN

wind speed at 10-m height

—_
o

wind direction at 10-m height

—_
—_

air (atmospheric) pressure
The term (dry bulb temperature) refers to the ordinary temperature as measured by a regular
thermometer, without imposing artificial humidification.

The time zone of Muscat and the entire Oman is GMT 4 (four hours ahead of Greenwich Mean
Time) [222].

According to the PVGIS algorithm, the TMY weather file is produced by choosing the most
“typical” month out of the full period available for each month (19 years for the range 2005-2020).
The three variables used to determine the “typical” month are:

(1) global horizontal irradiance
(2) air temperature
(3) relative humidity.

For the downloaded weather data, the mapping of year-month was as shown in Table 7:

Table 7. Selected year for defining the most typical month in PVGIS weather data.

Index Month Year
1 January 2014
2 February 2021
3 March 2017
4 April 2006
5 May 2021
6 June 2006
7 July 2005
8 August 2012
9 September 2013

10 October 2005
11 November 2015
12 December 2016

3.3. SAM Modeling Parameters

In addition to the weather data, the SAM simulation for a binary geothermal power plant
requires specifying a large number of inputs (operational conditions or assumptions). In the current
subsection, some of these inputs are listed. They are largely based on reasonable choices as well as
recommended/default settings in SAM. Table 8 summarizes some of the conditions used in the
simulation of the binary geothermal power plant in Muscat.
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Index | Input
1 Power plant electric output capacity
2 Power plant type
3 Geothermal resource temperature
4 Temperature decline
5 Geothermal resource depth
6 Rock density
7 Rock specific heat
8 Rock thermal conductivity
9 Subsurface water loss (of injected water)
10 Well pump efficiency
Pressure drop within the binary plant
1 (hydrodynamic loss)
12 Cycle design inlet temperature
13 Cycle design outlet temperature
14 Evaporator operating pressure
15 Blowdown fraction
16 Ratio of injection wells to production wells
17 Drilling success rate
18 Well type
19 Plant baseline cost
20 EPC cost
21 Contingency
22 Fixed annual operating cost
23 Analysis period
24 Inflation rate
4. Results
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Table 8. Some inputs used in the SAM simulation of a geothermal power plant in Muscat.

4.1. Scalar Results

Value
30,000 kW
(30.00 MW)
Binary
200 °C
0.5% per year
2,000 m
2,600 kg/m?
950 J/kg/K
3.0 W/m/K
2%
67.5%
2.7579 bar
(40 psi)
200 °C
90 °C
2 bar
1.3%
0.5
76%

Vertical open hole

1,800 US$/kW

16% of the direct cost

10%

6,087,700 US$/year

20 years
2.5%/year

Reference

[223]

[224,225]
[226]
[227]
[228]

[229,230]

[231-233]

[234-237]

[238,239]
[240]

[241]

[242]
[243]
[244,245]
[246]
[247]
[248-250]
[251,252]
[253-255]
[256]
[257-260]
[261,262]
[263-265]
[266-269]

The System Advisor Model (SAM) program provides a comprehensive set of numerical and

graphical results at the level of hours, months, and the entire year. It also allows the user to make

customized visualizations of selected results.

In the current section, selected scalar results (the word “scalar” here means a single overall value

for the entire geothermal project, rather than a series of values such as an array of monthly records)

for the performed simulation are presented, as computed by SAM.

First, year-round average weather values computed by SAM are presented in Table 9, based on

the imported weather data for Muscat.
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Table 9. Averaged weather variables as computed by SAM from the PVGIS weather file.

Index Variable
1 Global horizontal irradiance
2 Direct normal (beam) irradiance
3 Diffuse horizontal irradiance
4 Air temperature at 2-m height
5 Wind speed at 10-m height

Year-average
6.14 kWh/m?/day
6.05 kWh/m?/day
1.98 kWh/m?/day

28.0 °C
2.2 m/s

Then, additional outputs are listed in Table 10 related to the modeled geothermal power plant.
These are either performance outputs (such as the annual electricity generation) or internally-

computed design variables (such as the number of wells).

Table 10. Some performance outputs or internally-computed design variables as reported by the SAM

simulation of a geothermal power plant in Muscat.

Index
1
2

O© 0 3 o G

11
12
13
14
15
16
17
18
19
20
21
22

Output
Annual AC energy (first year)

Capacity factor (first year)
LCOE

Pressure change across the reservoir
Average reservoir temperature
Production well bottom hole pressure
Number of wells in analysis

Actual plant efficiency

Gross plant electric output

Net plant electric output

Plant design temperature

Well pump depth

Well pump power

Production well pump size

Injection well pump size

Number of production wells to be drilled
Number of injection wells to be drilled
Total number of wells to be drilled
Cost per well

Total drilling cost

Production pump cost per well

Injection pump cost per well

Value

261,267,936 kWh (261.268 GWh)

99.4%

8.68 ¢/kWh (33.4 baisa/kWh at 0.260 ¢ per

baisa [270,271])
24.077 bar (349.212 psi)
200.00 °C (392.00 °F)
162.910 bar (2,362.812 psi)
4232
9.225 W/(Ib/hr)
34.078 MW
30.000 MW
200 °C
342.327 m (1,123.120 ft)
4,078 MW
539.596 kW (733.646 hp)
1,739.264 kKW (2,364.741 hp)
5.568
2.109
7.677
US$ 4,310,562
US 33,341,087
187,653.749 US$/well
341,258.814 US$/well
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23 Total capital cost US$ 108,672,755
Total installed cost (sum of direct and US$ 138,895,952 (OMR 53,421,520 at 2.60
24
indirect costs) US$/OMR)
4,630 US$/kW (1,781 OMR/kW at 2.60

25 | Total installed cost per unit net capacity
US$/OMR)

In order to contrast the electricity generation capability of this modeled geothermal technology
and the solar photovoltaic technology [272], a normalized performance metric is used, which is the
electricity generated (in the first year) per unit of capacity power. From the above table, this
normalized performance metric (in Muscat) becomes 261,267,936 kWh/year + 30,000 kW = 8,709
kWh/kW/year. Based on earlier work, the counterpart value (in Muscat also) in the case of monofacial
solar photovoltaic (PV) arrays with an optimized fixed tilt [273,274] of 23.6° is 1,586 kWh/kW/year.
Therefore, per unit capacity, a geothermal plant can produce more than five times the electricity that
a PV plant can.

4.2. Monthly Results

In the current subsection, the computed monthly data points of four key variables as estimated
by the System Advisor Model (SAM) program are presented in Table 11. These monthly values
correspond to the first 365-day year of operation, which is assumed to start on 1/January (12:00 am)
and to end on 31/December (11:00 pm).

Table 11. Monthly variations of four key variables as estimated by the SAM simulation of a geothermal power

plant in Muscat.

Geothermal Monthly AC
Air (ambient) | Air (ambient)

resource electricity Monthly net
Month temperature pressure
temperature generation capacity (MW)
(°C) (atm)
°O) (GWh)
Jan 18.2984 0.984152 200.000 22.3200 30.0000
Feb 22.4492 0.982892 199.917 20.1388 29.9684
Mar 25.0894 0.978741 199.833 22.2730 29.9368
Apr 28.9648 0.974816 199.750 21.5318 29.9052
May 33.0837 0.972363 199.667 22.2259 29.8736
Jun 33.8049 0.966698 199.584 21.4862 29.8419
Jul 33.7718 0.964331 199.501 22.1788 29.8102
Aug 33.1972 0.965389 199.417 22.1552 29.7785
Sep 31.1863 0.970421 199.334 21.4177 29.7468
Oct 27.9454 0.977709 199.251 22.1080 29.7150
Nov 24.7315 0.980728 199.168 21.3719 29.6833
Dec 22.6024 0.982646 199.085 22.0607 29.6515

The resource temperature’s decline from 200.000 °C in January to 199.085 °C in December is
consistent with the assumption of a 0.5% drop per year (thus, per 12 months). This can be explained
as follows. A 0.5% year-wise drop in the initial 200 °C is exactly 1 °C/year. This is assumed to occur
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at a constant rate during the year, leading to a monthly decline of 1/12 or 0.0833 °C/month.
Furthermore, the drop in the resource’s temperature is approximated as a piecewise constant
function, with the drop occurring at the transition between two successive months. This algorithm in
SAM means that the resource’s temperature in December experiences 11 (not 12) incidents of monthly
drops since the initial operation. Therefore, the resource’s temperature in December should be

computed as
11
TDecember = T]anuary - EATyear (2)
where (Tpecemper) is the temperature of the liquid hot water in the geothermal reservoir during
December; (Tgnyary) is this reservoir’s temperature, but at an earlier stage in January; and (AT}, ) is
the total annual decrement in the reservoir’s temperature. In the current simulation, Tjanuery =
200 °C, and ATeq, = 1 °C. Therefore, Equation (2) gives

11
Thecemper = 200 — 7= X 1 = 199.083 °C ®3)

The idealized value of 199.083 °C obtained by Equation (3) is slightly lower than the one reported
by SAM (199.085 °C). This is an insignificant deviation (only 0.001%), which can arise as a result of
applied convergence tolerance during the solution process in SAM.

4.3. Graphical Results

In the current subsection, graphical forms of the results obtained from the SAM (System Advisor
Model) simulation of the binary-cycle geothermal power plant in Oman are presented and discussed.

Figure 4 shows the weak decline in the net electric capacity from the power plant during its first
year of operation, starting from the initial nominal value of 30,000 kW. The capacity decline is
attributed to the assumed drop in the reservoir's temperature, from the initial value of 200 °C, at a
rate of 0.5%/year. This is a natural decline due to extracting the hot liquid water from the production
reservoir, which is then injected at a lower temperature in an injection reservoir after losing some
heat through heat exchange with the working fluid in the binary cycle.

Although the displayed line curve decreases continuously. However, in the SAM simulation,
this drop occurs as discrete small decrements at the end of each month. The electric capacity becomes
29,651.5 kW at the end of the first year of operation in December; which means after 11 monthly
decrements.

Monthly Electric Power
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Figure 4. The estimated monthly profile of the net output electric power capacity for the binary geothermal

power plant in Muscat during its first year of operation.

Figure 5 visualizes the net electric capacity during the first year of operation in the form of a
two-dimensional heat map, which allows portraying the variation across months (horizontal axis) as
well as across hours (vertical axis). This figure is an extended version of the previous one-dimensional
figure. There is no change in the capacity during the same month; thus, each vertical color band in
the shown figure has a uniform color (uniform value). Again, this net electric capacity drops from
30,000 kW in January (the first month) to 29,651.5 kW in December (the twelfth month).
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Figure 5. The estimated monthly and hourly profile of the net output electric power capacity for the binary

geothermal power plant in Muscat during its first year of operation.

Figure 6 shows the alternating-current (AC) electricity generation per month during the first
year of operation. The shown profile manifests three combined effects that influence the electricity
generation. First, there is the effect of different numbers of days per month. This is a primary source
of variability in the displayed figure, and it explains why February (28 days) has noticeably less
electricity generation than all other months. In addition, months with 31 days have more electricity
generation than months with 30 days. Second, there is the effect of the slow decline in the power
capacity, which was discussed earlier. Third, there is the effect of the variations in the monthly
ambient conditions.

Figure 7 shows the drop in the reservoir’s temperature due to withdrawing the hot liquid water
from it during the first year of operation. The temperature of the geothermal resource drops slowly
from the initial value of 200 °C (January, the 1st month of operation) to 199.085 °C (December, the
12th month of operation). While the line plot here gives an impression of a smooth, gradual decrease
at an annual or even hourly decrements; actually, the temperature drop is implemented as monthly
decrements. The span of the total drop in temperature is within 1 °C only. It is useful to add here that
in SAM, it is possible to set a threshold gross drop in the resource’s temperature (such as 30 °C),
beyond which the reservoir should be replaced.
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Figure 6. The estimated monthly profile of the net output electricity (alternating current) for the binary

geothermal power plant in Muscat during its first year of operation.
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Figure 7. The estimated monthly profile of the geothermal reservoir’s temperature for the binary geothermal

power plant in Muscat during its first year of operation.

Figure 8 shows a monthly profile of the atmospheric pressure in Muscat, as estimated by SAM
after processing the weather file. The unit is standard atmosphere (atm), where

1 atm = 101,325 Pa = 1.01325 bar = 14.696 psi (4)
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The sea-level normal atmospheric pressure is 1 atm, according to the ISA (International Standard
Atmosphere) model [275-278]. However, the atmospheric (ambient) pressure in the location selected
for siting the geothermal power plant in Muscat is mildly below this reference pressure throughout
the year. This can be explained by the elevation of the site selected above the mean sea level (MSL).
Near sea level, for each 10 m of elevation, the air pressure drops approximately by 1%. Thus, a height
of 411 m roughly leads to a decline of 0.04 atm. These explain the small decrease in pressure. Also,
there is a seasonality pattern in the atmospheric pressure curve, which is smaller in the summer than
in the winter [279]. This is also logical because the air density decreases in the summer (at higher
temperatures) in accordance with the ideal gas law [166,280], which leads to reduced weight of the
overhead air column, and thus reduced air pressure [281].

Atmospheric Pressure
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Figure 8. The estimated monthly profile of the atmospheric pressure for the binary geothermal power plant in

Muscat during a typical year.

Figure 9 shows monthly profiles of the dry bulb and wet bulb temperatures in Muscat, as
estimated by SAM from the weather file. The wet bulb temperature is the lower temperature that is
measured after imposing a condition of evaporative cooling [282]. The wet bulb temperature is the
minimum attainable temperature to which air can be cooled as a result of evaporating water into it
(the evaporation heat is partly extracted from the air), while the pressure remains constant [283]. The
difference between the dry bulb temperature and the wet bulb temperature is an important quantity
in psychrometry, where it indicates the moisture level in air [284]. While both temperatures increase
in the summer; as expected, the gap between them also increases in the summer. This indicates the
elevated humidity in Muscat during the summer months.
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Figure 9. The estimated monthly profile of the dry bulb temperature and wet bulb temperature for the binary
geothermal power plant in Muscat during a typical year.

To validate the above-shown temperature profiles reported by SAM, equivalent monthly
profiles of these dry bulb temperatures [285] and wet bulb temperatures [286] in Muscat are
constructed using independent external data sources. The external validation temperature profiles
are shown in Figure 10. When compared with the SAM-reported profiles in the previous figure, good
agreement can be inferred. This successful validation gives more confidence in the overall modeling
process.
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Figure 10. Externally (not from the SAM program) reported monthly profile of the dry bulb temperature and

wet bulb temperature in Muscat.

4.4. Sensitivity Analyses (Selected Inputs and Outputs)

After completing the simulation of the 30-MW binary-cycle geothermal power plant in Oman at
the selected base-point condition; in the current section, an auxiliary parametric study (sensitivity
analysis) is performed using this built-in capability in the SAM (System Advisor Model) software.
Such a parametric study allows for the identification of which parameters are more influential in
controlling the technical and financial aspects of the geothermal power plant. Such a parametric study
also mitigates [287] the uncertainty involved in some assumptions, by exploring the situations if an
assumed parameter is shifted up or down within an interval.

Although there are many input and output variables in the simulated geothermal power plant,
one key output performance metric and one key financial metric were selected for further
investigation of their variability in response to changes in certain input parameters. These are:

1. the levelized cost of energy (LCOE)
2. the AC electricity generation during the first year

Likewise, there are many input parameters whose influence can be explored in the sensitivity
analysis. However, four key input parameters for exploration as independent variables were selected.
These are:

1. the plant’s nameplate net electric power capacity (the base-point value was 30 MW or 3,000 kW)

2. the drilling depth to access the geothermal resource (the base-point value was 2 km or 2,000 m)

3. the ratio or percentage of geothermal injection wells relative to the number of geothermal
production wells (the base-point value was 0.5 or 50%)

4. the pump efficiency of the geothermal production wells (the base-point value was 0.675 or
67.5%)

4.5. Rationale for the Selected Output Variables for Sensitivity Analysis

The techno-economic simulation of a binary-cycle geothermal power plant involves a large
number of input parameters (or assumptions) and output results that are related nonlinearly through
comprehensive relationships [288]. Therefore, it is not reasonable to perform a sensitivity analysis
(parametric analysis) to reveal how each input quantity affects each output quantity. Otherwise, this
study becomes a massive report with large amounts of insignificant components.

Instead, only two important output quantities are selected, which are the AC electricity
generation during the first year and the levelized cost of energy (LCOE).

The first selected output quantity is in an absolute form (not normalized), such as GWh/year. It
is important to reveal the generation size of the geothermal plant. It can easily be normalized and
expressed as electricity per unit net capacity (kWh/kW/year) by dividing by the net plant capacity of
30,000 kW and converting the electricity unit from GWh to kWh by multiplying by 10¢. For example,
the base-value annual absolute electricity generation of 261.268 GWh/year can be easily converted
into a scaled performance metric of 8,709 kWh/kW/year. Such scaling (effectively dividing the
GWh/year value by 0.03 to obtain the corresponding kWh/kW/year value) helps in performing
subsequent comparative studies to compare the electricity generation capability of this geothermal
power plant to other electricity generation technologies, in terms of how much electricity can be
generated during one year after installation per kW of installed capacity. So, as shown in this
example, the first output quantity selected for the sensitivity analyses is a useful metric that can be
transformed into other helpful performance metrics easily, making it a justified choice.

The second selected output quantity (the levelized cost of energy or LCOE) is in a normalized
form. Therefore, it is readily suitable for comparison with other electricity generation technologies.
The levelized cost of energy (LCOE) is defined as the minimum cost (expressed in net present value)
at which energy or electricity should be sold in order to regain investment (both initial investment in
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the construction and running investment in the operation) of an energy generation unit during its
lifetime [289]. The LCOE quantity is typically used by investors in the power sector, making it also a
justified choice for further sensitivity analyses.

4.6. Rationale for the Selected Input Variables for Sensitivity Analysis

Again, the techno-economic simulation of a binary-cycle geothermal power plant involves a
large number of coupled input and output variables. Thus, it is compulsory to select a subset of input
variables to explore their effect on the techno-economic assessment.

Four input variables are selected for the sensitivity analyses. These are the plant's nameplate net
electric power capacity, the drilling depth, the ratio or percentage of geothermal injection wells
relative to the number of geothermal production wells, and the pump efficiency of the geothermal
production wells.

The first selected input variable (the net power capacity) is a key way to quantify the size of an
electricity generation unit. Therefore, it is very justifiable.

The second and third input variables are directly related to the drilling costs of the geothermal
power plant. These are also useful, given that the drilling is a major budget element for geothermal
plants, and it can account for up to 50% of the total investment cost of a hydrothermal geothermal
project [290-293].

The fourth selected input variable (pump efficiency) seems to lack sufficient understanding of
its role in a geothermal power plant [294]. By including it in the sensitivity analysis, the contribution
of the current study is largely boosted. Therefore, this selection is beneficial.

4.7. Sensitivity Analyses (Criteria for the Selected Ranges of Input Variables)

For each of the selected input sensitivity variables, the range explored of that variable is from
50% (half) of the base-point value to twice (200%) of the base-point value. This establishes consistency
in the sensitivity analyses. These chosen ranges are favorably based on relative scaling (the ranges
are decided in relation to the base-point values), rather than absolute range bounds. This takes into
account the variations in the order of magnitude of these input variables and makes the sensitivity
analyses more meaningful and robust.

4.8. Sensitivity Analyses (Criteria for the Plotting Ranges of Output Variables)

When the sensitivity response curves are plotted, care is taken in selecting the range of the
vertical axis (representing the output sensitivity variable). The range for each output sensitivity
variable is deliberately frozen in all its sensitivity analysis plots (irrespective of the input sensitivity
variable). More precisely, the plotting range for the levelized cost of energy (LCOE) is from 0.075
US$/kWh to 0.120 US$/kWh, and the plotting range for the AC electricity generation during the first
year is from 100 GWh to 400 GWh. These ranges were selected carefully such that all obtained values
for either output sensitivity variable fit well within the same fixed range. This allows for efficient
recognition of the qualitative and quantitative variations in the output sensitivity variable as a result
of altering the input sensitivity variable.

4.9. Sensitivity to Plant Net Capacity

The current subsection is dedicated to presenting and discussing the portion of the sensitivity
analyses that is related to the influence of the first input parametric quantity (first input control
variable), which is the plant capacity.

The range over which the power plant capacity was varied is from 15 MW to 45 MW. As
discussed earlier, the criterion for adopting this range is that it corresponds to a 50% decrease and a
50% increase away from the design-point capacity of 30 MW, respectively.

A total of 11 capacity data points were used in the parametric study, which included the base
capacity (30 MW), plus five additional lower capacities and five additional higher capacities.
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The 11 capacity points are equally spaced with a step of 3 MW, starting from 15 MW. Thus, the
11 electric net capacities explored are:

15 MW
18 MW
21 MW
24 MW
27 MW
30 MW (base or reference value)
33 MW
36 MW
39 MW
42 MW
45 MW

Figure 11 shows the response curve of the levelized cost of energy (LCOE) to the net power plant

00NN

—_
— O

capacity. This curve suggests a strong and nonlinear impact of the plant capacity on LCOE, which
favorably drops as the capacity increases. For example, the base-point LCOE of 8.67875 ¢/kWh at 30
MW drops by 11.24% and reaches 7.70302 ¢/kWh at 45 MW, while this base-point LCOE increases by
33.52% and reaches 11.5877 ¢/kWh at 15 MW.

The rate of decline decelerates as the capacity increases. This means that the same absolute
increment in the plant capacity has a larger improvement (larger reduction in LCOE) when the plant
is small compared to when it is large. This is a reasonable behavior given that the smaller plant is
more affected by the same upgrade of capacity compared to a larger plant.

As shown in the figure, the nonlinear dependence of LCOE on the plant capacity can be
described well by a cubic function. In such a third-degree polynomial fitting, the R-squared goodness-
of-fit metric is very high (0.9994), close to the ideal value of 1.0 [295,296].

Sensitivity of the Levelized Cost of Electricity (LCOE) to the Nameplate Capacity
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Figure 11. The estimated variation of LCOE with the net capacity for the binary geothermal power plant in
Muscat. The base-point capacity is 30 MW.

Figure 12 shows the dependence of the first-year electric yield on the plant capacity. Unlike the
influence on LCOE, the plant capacity has a direct linear influence on the annual electric yield. This
is noticeable visually, and also numerically through the perfect R-squared value of 1.0000. According
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to the linear fit model shown in the figure, each MW increase in the capacity results in 8.7089 GWh
of additional electric output. This linearity is explained by the continuous operation of the plant
during the year (almost 100% capacity factor in the current model).

Sensitivity of First-Year AC Electricity Generation to the Nameplate Capacity
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Figure 12. The estimated variation of the first-year generated electricity with the net capacity for the binary
geothermal power plant in Muscat. The base-point capacity is 30 MW.

4.10. Sensitivity to Geothermal Resource Depth

The current subsection is dedicated to presenting and discussing the portion of the sensitivity
analyses that is related to the influence of the second input parametric quantity (second input control
variable), which is the depth of the geothermal resource. This input sensitivity variable determines
the drilling overhead.

The range over which the depth was varied is from 1 km to 3 km. The criterion for adopting this
range is that it corresponds to a 50% decrease and a 50% increase away from the design-point depth
of 2 km, respectively. This is consistent with the criterion adopted earlier for the exploratory range of
the net capacity.

Eleven depth data points were used in the parametric study, which are the base depth (2 km),
plus five additional lower depths and five additional higher depths.

The 11 depth points are equally spaced with a step of 0.2 km, starting from 1 km. Thus, the 11
reservoir depths explored are:

km

km

km

1.6 km
1.8 km
MW (base or reference value)
km
MW
2.6 MW
10. 2.8 MW
11. MW
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Figure 13 shows the response curve of the levelized cost of energy (LCOE) to the resource depth.
This curve suggests a strong and weakly-linear impact of the depth on LCOE, which monotonically
increases as the depth increases (thus, the drilling costs increase). For example, the base-point LCOE
of 8.67875 ¢/kWh at 2 km increases by 12.36% and reaches 9.75182 ¢/kWh at 3 km, while this base-
point LCOE decreases by 9.76% and reaches 7.83137 ¢/kWh at 1 km.

A quadratic polynomial is sufficient to capture the weak nonlinearity in the response curve of
LCOE to the depth, with an R-squared value of 1.0000. In fact, an attempted linear approximation
(not displayed here) still gave a high R-squared value of 0.9957.

Sensitivity of the Levelized Cost of Electricity (LCOE) to the Drilling Depth
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Figure 13. The estimated variation of LCOE with the depth of the geothermal resource for the binary geothermal
power plant in Muscat. The base-point depth is 2 km.

Figure 14 shows the dependence of the first-year electric yield on the resource depth. It is
apparent that the depth of the geothermal resource does not strongly affect the annual electric yield.
This is noticeable visually through the nearly flat response curve. Despite this qualitative behavior,
further detailed quantitative analysis showed very small gains in the electric yield as the depth
increases, at a rate of about 0.0269 GWh/km. This gain is indicated by the regression model displayed
in the figure. The R-squared value with a linear regression model is not exactly 1.0000 (but 0.9985),
which is explained by imperfect linearity in the electricity—depth relationship. For each increment of
the depth (0.2 km), the resultant gain in the electricity yield is not uniform, but varies between 0.005
GWh and 0.006 GWh. The small gains in the yield at larger depths can be explained by the updated
well pumping conditions, making the self-consumption to run these pumps lower, and thus freeing
some power to be shifted to the net capacity. Regardless of these details, the very shallow profile of
the response curve makes it acceptable to consider the depth and the annual electricity yield as
independent variables.
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Sensitivity of First-Year AC Electricity Generation to the Drilling Depth
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Figure 14. The estimated variation of the first-year generated electricity with the depth of the geothermal

resource for the binary geothermal power plant in Muscat. The base-point depth is 2 km.

4.11. Sensitivity to Injection-to-Production Well Ratio

The current subsection is dedicated to presenting and discussing the portion of the sensitivity
analyses that is related to the influence of the third input parametric quantity (third independent
control variable), which is the ratio of the number of geothermal injection wells to the number of
geothermal production wells.

The range over which the injection-to-production well ratio was varied is from 0.25 (or 25%) to
0.75 (or 75%). The criterion for adopting this range is that it corresponds to a 50% decrease and a 50%
increase away from the design-point injection-to-production well ratio of 0.50 (or 50%), respectively.
This is consistent with the criterion adopted for all other input sensitivity variables.

Eleven injection-to-production well ratios were used in the parametric study, which included
the base ratio (0.50), plus five additional lower ratios and five additional higher ratios.

The 11 injection-to-production well ratios are equally spaced with a step of 0.05, starting from
0.25. Thus, the 11 injection-to-production well ratios explored are:

0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

0NN

—_
_= O

Figure 15 shows the response curve of the levelized cost of energy (LCOE) to the injection-to-
production well ratio. This curve shows that two contradicting influences coexist. One influence
boosts LCOE as the injection-to-production well ratio increases (the flow rates within the injection
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wells decrease, which reduces the pump load and its power consumption), while the other reduces
LCOE as the injection-to-production well ratio increases (initial drilling costs increase). At lower
values of the injection-to-production well ratio, the reducing influence is stronger; while at higher
values of the injection-to-production well ratio, the boosting influence is stronger, but it is relatively
slow or weak. As a result, an optimum value for the injection-to-production well ratio exists, where
LCOE is minimized. This optimum injection-to-production well ratio is 0.55 (given the incremental
resolution of 0.05), at which LCOE becomes 8.67583 ¢/kWh. This is very close to the base-point LCOE
of 8.67875 ¢/kWh at a 0.50 injection-to-production well ratio. Relative to the optimized minimum
LCOE, the LCOE value increases by 6.29% and reaches 9.2215 ¢/kWh at 0.25 injection-to-production
well ratio, while it increases by 1.31% and reaches 8.78958 ¢/kWh at 0.75 injection-to-production well
ratio.

A cubic polynomial is necessary to model the reversing trend in the response curve of LCOE to
the injection-to-production well ratio. A high R-squared value of 0.9902 can be attained under this
cubic polynomial regression.

Sensitivity of the Levelized Cost of Electricity (LCOE) to the Ratio of the
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Figure 15. The estimated variation of LCOE with the injection-to-production well ratio for the binary geothermal
power plant in Muscat. The base-point injection-to-production well ratio is 0.5.

Figure 16 shows the dependence of the first-year electric yield on the injection-to-production
well ratio. Similar to the previous input sensitivity variable (the depth of the geothermal resource),
the injection-to-production well ratio does not nearly affect the annual electric yield. Quantitative
analysis of the shown almost-flat response curve showed that there are actually small gains in the
electric yield as the injection-to-production well ratio increases, with a nonlinear, monotonic trend.
This gain is indicated by the suggested cubic regression model displayed in the figure. The R-squared
value with this cubic regression model is high (0.9979). The first-year electricity yield increased from
261.035 GWh at the lower-bound of 0.25 injection-to-production well ratio to 261.268 GWh at the
base-value of 0.50 injection-to-production well ratio, and increased further to 261.325 GWh at the
upper-bound of 0.75 injection-to-production well ratio. These values show that the gain in the first-
year electricity yield becomes smaller as the injection-to-production well ratios increase (a
decelerating gain trend). Despite this present gain, the shallow profile of the response curve makes it
practical to consider the injection-to-production well ratio and the annual electricity yield as being
approximately independent. To emphasize this finding, it is useful to add that over the entire
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explored range of the injection-to-production well ratio (from 0.25 to 0.75), the gain in the first-year
electric yield was 0.290 GWh, which is only 0.11% of the base value of 261.268 GWh.

Sensitivity of First-Year AC Electricity Generation to the the Ratio of the

Number of Injection Wells to the Number of Production Wells
400
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Figure 16. The estimated variation of the first-year generated electricity with the injection-to-production well

ratio for the binary geothermal power plant in Muscat. The base-point injection-to-production well ratio is 0.5.

4.12. Sensitivity to Well Pump Efficiency

The current subsection is dedicated to presenting and discussing the portion of the sensitivity
analyses that is related to the influence of the fourth input parametric quantity (fourth independent
control variable), which is the efficiency of the pumps used in the production wells and injection
wells.

The range over which the well pump efficiency was varied is from 45.0% to 90.0%. As discussed
earlier, this range is selected as a result of imposing a 50% decrease and a 50% increase away from
the design-point well pump efficiency of 67.5%, respectively.

Eleven well pump efficiencies were used in the parametric study, which included the base
efficiency (67.5%), plus five additional lower efficiencies and five additional higher efficiencies.

The 11 well pump efficiencies are equally spaced with a step of 4.5% percentage points (pp),
starting from 45.0%. Thus, the 11 well pump efficiencies explored are:

45.0%
49.5%
54.0%
58.5%
63.0%
67.5%
72.0%
76.5%
81.0%
85.5%
90.0%

Figure 17 shows the response curve of the levelized cost of energy (LCOE) to the well pump
efficiency. This curve suggests a favorable monotonic decline in LCOE, which decreases as the well
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pump efficiency increases (thus, the operational costs for powering the pumps decrease). For
example, the base-point LCOE of 8.67875 ¢/kWh at 67.5% efficiency decreases by 2.45% and reaches
8.46577 ¢/kWh at 90.0% efficiency, while this base-point LCOE increases by 5.19% and reaches 9.12932
¢/kWh at 45.0% efficiency.

A quadratic polynomial is sufficient to excellently capture the weak nonlinearity in the response
curve of LCOE to the well pump efficiency, with an R-squared value of 0.9978. It should be noted that
the displayed quadratic regression equation treats the well pump efficiency as a fraction (thus, having
a valid range between 0.45 and 0.90, not between 45 and 90).

An attempted linear approximation (not displayed here) gave a lower R-squared value of 0.9567.
That more approximate linear regression model suggested a steady drop in LCOE as the well pump
efficiency increases, at the rate of 0.014139 US$/kWh (or 1.4139 ¢/kWh) per unit of efficiency. Thus,
over the varied efficiency range of 0.45 (between 0.45 and 0.90), the linear regression model predicted
an overall drop of 0.0063626 US$/kWh or 0.63626 ¢/kWh (computed as 0.45 times the rate of 0.014139
US$/kWh or 1.4139 ¢/kWh). The actual overall drop was 0.663550 ¢/kWh, which is slightly above the
linear-regression estimation.

Sensitivity of the Levelized Cost of Electricity (LCOE) to the Well Pump Efficiency
0.12

y = 0.023305 x% — 0.045601 x + 0.10692 (x is between 0.45 and 0.90)
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Well Pump Efficiency [%)]

Figure 17. The estimated variation of LCOE with the well pump efficiency for the binary geothermal power plant
in Muscat. The base-point well pump efficiency is 67.5%.

Figure 18 shows the dependence of the first-year electric yield on the well pump efficiency. It is
apparent that the well pump efficiency does not have a big effect on the annual electric yield. Deeper
analysis revealed a small monotonic gain in the first-year electric yield as the well pump efficiency
increases. This is logical, due to the decreased power penalty when the pump becomes more efficient.
This gain is from 261.156 GWh at 45% efficiency to 261.318 GWh at 90.0% efficiency. Thus, the overall
gain (considering the overall explored range of well pump efficiency) is 0.162 GWh only, which is
0.062% of the base-point first-year electric yield of 261.268 GWh at 67.5% efficiency. The profile of this
gain in the first-year electric yield can be represented by a quadratic regression model, with a high R-
squared value of 0.9979. As found in the case of the injection-to-production well ratio, the profile of
the gain due to the improved well pump efficiency is decelerating, with progressively smaller gain
increments achieved at higher efficiencies. As found in the case of the injection-to-production well
ratio, it is reasonable to neglect the effect of the well pump efficiency on the annual electricity yield.
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Sensitivity of First-Year AC Electricity Generation to the Well Pump Efficiency
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Figure 18. The estimated variation of the first-year generated electricity with the well pump efficiency for the

binary geothermal power plant in Muscat. The base-point well pump efficiency is 67.5%.

4.13. Competitiveness of Geothermal Electricity in Oman

The presented results (electric generation performance and economic metrics) for the imagined
geothermal power plant in Muscat, Oman, are useful but insufficient to draw a conclusion regarding
the primary objective of the current study, which is to make a recommendation regarding whether
geothermal power in Oman is attractive or not.

In order to address this inquiry, a comparison is needed between the estimated geothermal
LCOE and the existing electricity tariffs in Oman. It is admitted that this criterion is merely financial,
and does not take into account several factors; such as environmental gains, technology maturity,
and social acceptance. While these factors establish valid inputs for making a generic decision about
the potential of geothermal power in Oman, relying on a single measurable factor (electricity cost)
simplifies the analysis and makes it easier to defend. In addition, the electricity cost is de facto a
crucial factor when deciding on the viability and success of a geothermal project. If the project is
profitable, minor technical or environmental challenges may be coped with. However, if the project
is not financially successful, then it becomes difficult to implement, even if it has several
environmental or societal advantages.

For competitiveness testing in Oman, the design-point LCOE estimation of the SAM simulation
(8.68 cents/kWh or 33.4 Bz/kWh) is adopted as a hypothetical tariff for geothermal power. This is
intentionally a conservative assumption, giving an advantage to the geothermal power technology
when compared to other electricity generation technologies in Oman, because a profit margin is not
imposed on top of the estimated LCOE.

While the commercially sold grid electricity in Oman is subsidized [297] for small consumers
(such as residential electricity consumers with a monthly consumption within 6 MWh) [298], large
corporate consumers or institutional consumers with an annual consumption beyond 100 MWh pay
the unsubsidized tariffs, known in Oman as the cost reflective tariffs (CRT) [299].

According to the 2025 announced CRT (which was the latest edition at the time of initiating this
study), there is an option of a flat tariff (year-round constant, no peak period, no seasonal variation)
according to the level of electric connection [300]. These are summarized in Table 12.
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Table 12. Flat-rate version of the cost reflective tariffs (CRT) in Oman, 2025 edition.
Connection level HV/HT MV/MT MV/MT LV
(voltage) (132 kV, 220 kV, 400 kV) (33 kV) (11 kV) (0.415 kV or 415 V)
Tariff (Bz/kWh) 21 25 26 33

With this, comparing the SAM’s estimated LCOE of 33.4 Bz/kWh to the cheapest selling price of
21 Bz/kWh shows that the geothermal plant is not an advantageous alternative technology compared
to the existing power generation technologies that supply electricity to the electric grid in Oman.

Considering photovoltaic (PV) systems in Oman, a power purchase agreement (PPA) [301,302]
may be used to purchase solar electricity at a flat rate of about 25 Bz/kWh. This is well below the
SAM'’s LCOE estimation for geothermal power.

From first-hand recent experience in Oman, it was found that a self-owned photovoltaic power
system (without battery storage) can have an LCOE value of approximately 10 Bz/kWh. This is much
below (much more attractive) than the SAM’s LCOE estimation for geothermal power.

With these remarks, it is evident that geothermal power is more expensive than conventional
(natural gas) power or PV power. When adding to this finding the simplicity in installing PV systems
[303-305] compared to a geothermal system, the maturity and widespread of PV systems in Oman
[306-308], the direct conversion to electricity in the case of PV systems (little maintenance needed
other than cleaning), and the possibility of retrofitting existing parking lots with rooftop PV modules
for solar carport [309,310], especially for charging electric vehicles [311], without occupying new land
footprints; one can judge that geothermal power is not expected to be exploited in Oman unless new
incentivizing factors appear.

5. Discussion of the Limitations

After presenting information about the modeling performed here for geothermal power
generation and presenting results obtained through this modeling, it is important to admit that the
current study still has some limitations. This section is devoted to discussing this matter.

However, it should be noted first that the primary goal of this study is to identify the feasibility
of geothermal power in Oman, rather than to provide a precise and comprehensive design of a
particular geothermal power plant. Thus, the results of the current study should be viewed with
tolerance, accepting that some uncertainty in the assumptions made does not harm the overall aim
of the study. Even with small variations in the quantitative results, the main outcome (which is
answering the question of “is commercial geothermal-based electricity generation in Oman
competitive or not?”) remains valid.

1. The first limitation to mention here is the reliance on the SAM (System Advisor Model) tool for
performing the techno-economic assessment, without performing benchmarking of its
predictions. While this limitation is true, it is alleviated by the implied robustness and accuracy
of SAM. This is supported by its wide use by researchers and professionals in the sector of
renewable and sustainable technologies [312-314] and by the third-party validation performed
by the SAM development team [315] or independent researchers [316]. Also, SAM enjoys an
extended history of development and improvement provided by NREL. In addition, it is worth
mentioning that the open-course code package behind the SAM computations is available in a
public GitHub repository [317-323]. This allows for transparency and continuous handling of
any identified issues.

2. The second limitation to mention here is the large number of assumptions made, through
specified input parameters, to perform either the technical part of the simulation or the economic
part. However, this is an inevitable situation in simulation studies in general. Many of the
assumptions made here are guided by recommendations from reliable sources in the literature,
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as well as professional judgment. Also, sensitivity analyses are performed to explore the
influence of possible variations of some assumptions.

3. The third limitation to add is the adoption of built-in cost elements in SAM for estimations in
belonging to Oman. Some of the geothermal financial data in SAM are based on the Geothermal
Vision Study (GeoVision Study) of the Geothermal Technologies Office (GTO) at the United
States Department of Energy (DOE) [324]. This means that a similarity of certain costs (like
drilling labor rates) in the United States and Oman encourages the assumption that reasonable
predictions can be made for Oman. The fact that both Oman and the United States are in the
same economic category of high-income countries makes this assumption plausible [325].

4. The fourth limitation that might be noticed in the current study is its focus on Oman, rather than
being of wide coverage. While this remark is correct, it does not mean that the study is only
useful to readers within Oman. The study contains many pieces of information that are
transferable to other regions. For example, information provided about the use of SAM in
modeling geothermal power systems can be applied when using SAM in other locations. This
study can be viewed as a case study for Oman, which can be replicated for other countries.
Especially, readers in countries sharing similar energy sources with Oman, with ambitions to
explore their geothermal potential in the power sector, can find this study beneficial.

5. The fifth limitation to state here is that the adopted geothermal resource temperature of 200 °C
is not based on direct measurement. However, this assumption seems realistic given that
temperatures as high as 174 °C were measured at depths of up to 1.5 km in Oman (as described
in subsection “2.5 Geothermal Energy in Oman and Binary Geothermal Plant”). Therefore,
reaching a mildly higher temperature of 200 °C at a deeper point of 2 km appears to be attainable.

6. Conclusions

In the current study, the System Advisor Model (SAM) modeling tool was used to perform
techno-economic assessment (TEA) and sensitivity analysis of a 30-MW geothermal power plant in
Muscat, Oman. Based on literature data, it was found that the binary cycle is an adequate choice.
Compared to other electricity generation sources in Oman, particularly natural gas power stations
and solar photovoltaic arrays, geothermal power was not an attractive alternative due to economic
considerations.

The performed parametric studies showed that the power plant capacity is an influential method
to improve the feasibility of geothermal power, where the economy of scale (through a larger plant)
leads to appreciable nonlinear reductions in the levelized cost of energy (LCOE).

The current study neither anticipates nor recommends that the government of the Sultanate of
Oman or non-governmental corporations invest in a geothermal power plant when better alternatives
(particularly solar photovoltaic arrays) are available.

The study concludes that the main barrier against the deployment of geothermal power plants
in Oman is the presence of much better (cheaper and proven) alternatives.
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