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ABSTRACT

The Kingdom of Saudi Arabia (KSA) has vast geothermal energy resources. When developed, these markedly
strengthen the country’s goals of achieving a carbon-neutral economy. To demonstrate the feasibility and techno-
economic performance of small-scale, hydrothermal well doublet systems for direct use in KSA, we perform
reservoir and wellbore flow and heat-transport simulations as well as an economic analysis. The maximum
permissible flowrate is constrained to avoid thermoelastic fracturing in the near-wellbore region. Reservoir
conditions of a sedimentary basin along the Red Sea coast (near Al Wajh) provide an ideal study case to which we
add economic parameters considered representative for KSA. We derive a Levelized Cost of Heat (LCOH) ranging
from 49 to 128 $/MWh for 50-mD hydrothermal doublet systems with an optimal well spacing of 600 m and a
flowrate ranging from 110 kg/s to 50 kg/s. LCOH is strongly influenced by decreasing reservoir transmissivity.
Also, a minimum injection temperature is required to avoid thermoelastic fracturing. Our economic analysis
further highlights that capacity factor and well-drilling cost have the greatest impact on LCOH. Thus, this study
provides a guide and workflow to conduct techno-economic investigations for decision-making, risk mitigation,
optimizing geothermal-energy-extraction and economic-performance conditions of hydrothermal doublet

systems.

1. Introduction

One of the greatest socio-economic challenges of this century is how
to provide energy to a growing global population while mitigating
global climate change and achieving a decarbonized future. Carbon di-
oxide (CO2) emissions related to energy consumption worldwide
continue to increase despite temporary reductions related to the Covid-
19 pandemic (Le Quéré et al., 2020; Liu et al., 2022). Geothermal energy
is a promising renewable, sustainable, clean energy source that signifi-
cantly contributes to solving the above challenge (Rybach, 2003;
Axelsson et al., 2005). Geothermal energy becomes increasingly rele-
vant in reducing CO, emissions, with installed capacity increasing
worldwide (Lund and Toth, 2021; Tester et al., 2021). Over five years
(2015-2020), the installed thermal power increased by 52% (at a
compound rate growth of 8.7% annually) and the thermal energy used
increased by 72% (at a compound rate growth of 11.5% annually) (Lund

and Toth, 2021).

The economy of the Kingdom of Saudi Arabia (KSA) depends pri-
marily on fossil fuels to meet energy and electricity demands (IEA,
2018), burning more oil directly for power generation than any other
country and consuming 0.4-0.6 million barrels/day of oil to meet its
electricity demand (EIA, 2020; Al Ghamdi, 2020). In addition, the rapid
socio-economic growth in KSA increases the per capita water demand,
stressing already limited freshwater supplies and making KSA the first
country worldwide to require water desalination to meet potable water
needs for domestic and industrial applications (Dawoud, 2005; ECRA,
2009). However, fossil-fuel-based energy supply to provide fresh water
and space cooling to millions is unsustainable, cost-inefficient, and in-
creases CO, emissions. CO, emissions from fossil-fuel-based electricity
generation, massive desalination projects, and industrialization influ-
ence macro and microclimate changes. Greenhouse emissions are pro-
jected to further increase due to increases in (i) population, (ii) the use of
air-conditioning in energy-inefficient buildings, and (iii) freshwater

Abbreviations: AW, Al Wajh; AWSO-1, Al Wajh South 1; KSA, Kingdom of Saudi Arabia; U.S., United States; TF, thermoelastic fracture; UL, Umm Lujj.
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Nomenclature

Dimensionless parameters and constants

a sensitivity term

n pump efficiency

Ooff minimum effective hoop stress

U coefficient of sliding friction

v Poisson’s ratio

CoP coefficient of performance

CF capacity factor

dT thermal breakthrough (decay)

Ny number of wells drilled

Variables

c cost contingency (%)

CapEx, capital expenditure in year t ($)

Coex exploration cost ($)

Cy well drilling cost ($)

dp injection-induced pressure buildup at the injection well
(Pa)

E Young’s modulus (Pa)

E, electricity price for pumping ($/W-hr)

GG geothermal gradient (°C/km)

Pinj enthalpy of the injected fluid (J/kg)

hyn enthalpy of the fluid at the production wellhead (J/kg)

LCOH  levelized cost of heat ($/MWh)

L, length of pipeline (m)

Py, average thermal power (Wy,)

Py, thermal power generated in year t (Wy,)

m mass flowrate (kg/s)

mo base-case LCOH performance metrics

Mhigh +15% deviation of the LCOH performance metrics from
the base case

Mow —-15% deviation of the LCOH performance metrics from the
base case

n project lifetime (years)

OpEx,  operational expenditure in year t ($)

P, pore pressure (Pa)

Ppump parasitic power used by the pump (Wy,)

Pun production wellhead pressure (Pa)

r annual discount rate (%)

Shmin minimum principal horizontal stress (Pa)

SHmax maximum principal horizontal stress (Pa)

t production time (year)

To initial reservoir temperature (°C)

Tinj injection temperature (°C)

Torod downhole production temperature (°C)

Twh production wellhead temperature (°C)

Z depth (m)

o thermal expansion coefficient cc™

AP pressure difference between the production and injection
wellheads (Pa)

AT wellbore cooling (°C)

Py fluid density (kg/m>)

o”T thermal cooling stress (Pa)

demand for human consumption, agricultural and industrial activities
(IEA, 2018; Almazroui, 2020). This unsustainable situation will worsen
unless more vigorous climate-responsive actions and policies are adop-
ted now and in the future.

To mitigate COy emission, the government of KSA has initiated a
nationwide circular carbon economy program to champion widespread
use and upscaling of renewable energy sources (Al-Douri et al., 2019),
and to develop advanced technologies that can reuse, remove and
recycle emitted carbon. An energy-optimization study (Farnoosh et al.,
2014) showed that by integrating fossil-fuel-based power and renew-
ables in KSA, the country may save up to 28% of the cost of generating
electricity per year, starting from 2030. In addition, action plans are in
place in KSA to generate ~40 GWe of solar power by 2032 from
concentrated solar plants (CSP) and solar photovoltaic (PV) with an
investment of 109 billion USD (Ahmad and Ramana, 2014; Salam and
Khan, 2018; Amran et al., 2020). However, geothermal energy has been
neglected as additional sustainable source to complement, not compete
with, energy supply from the other renewables invested in KSA.

Geothermal-based cooling and water-desalination applications on a
national scale in KSA will not only lower carbon emissions, but also
accelerate activities to reduce the country’s dependence on non-
renewable energy sources. Geothermal energy offers many advantages
compared to other forms of renewable energy sources (such as solar PV,
wind, hydropower), which include,

(i) Geothermal energy systems provide thermal energy suitable for a
wide range of applications, including distributed heating and
cooling of individual buildings, communities, and cities (Tester
et al., 2021), as well as driving innovative water-desalination
processes.

(i) Land requirement and water requirement for geothermal energy
systems are far less compared to solar PV and wind farms.

(iii) Geothermal power plants supply continuous, reliable baseload
electricity without additional backup facilities.

(iv) Geothermal energy is not affected by weather and remains
available throughout the year, unlike other sources of renewable
energy (solar, wind, and hydropower).

(v) Geothermal reservoirs can be tailored to allow for simultaneous
CO,, storage and heat recovery from hot geological formations if
CO4 is used as subsurface working fluid (Randolph and Saar,
2011; Ezekiel et al., 2020).

Furthermore, during their envisioned life cycle, geothermal power
plants produce far less CO2 compared to the other renewable energy
sources (World Nuclear Association (WNA), 2011; IPCC, 2012).

Previous geothermal studies in KSA primarily focused on assessing
and exploring enhanced geothermal systems (EGS) in hot dry rocks
(HDR) and hot wet granitic rocks (HWR) (Al-Dayel, 1988; Lashin and Al
Arifi, 2012, 2014). EGS in KSA’s volcanic provinces may potentially
provide primary energy for electricity generation and direct applications
when harnessed (Pruess, 2006, 2008; Zhang et al., 2014a, 2014b; Xu
et al., 2015; Lu, 2018). However, EGS poses environmental problems, is
expensive to develop, and prone to induced seismicity (Majer et al.,
2007; Buijze et al., 2019). In contrast, hydrothermal resources in sedi-
mentary basins are characterized by naturally higher pore space vol-
umes and larger permeability that facilitate fluid flow and surface
contact area for heat exchange (Limberger et al., 2018). In KSA, hy-
drothermal systems are expected to contain saline brines as energy
carrier fluids, which possibly may be enriched in lithium as a potentially
economically viable commodity (Sanjuan et al., 2016; Huang et al.,
2021). Such systems may also utilize CO as the heat extraction fluid,
simultaneously storing CO5 in the porous and permeable hydrothermal
reservoirs (Randolph and Saar, 2011; Ezekiel et al., 2020). Several such
sedimentary basins with viable hydrothermal reservoirs exist along the
Red Sea coast of western Saudi Arabia (Hughes and Johnson, 2005) that
can be exploited for geothermal direct use applications.

Currently, there are no published studies on the potential of
geothermal extraction from deep hydrothermal reservoirs in the Red Sea
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basin. Also, no studies exist on reservoir modeling and simulation
techniques to assess reservoir and economic conditions in KSA in terms
of feasibility and potential performance of geothermal systems for
direct-use applications. However, to enable incorporating geothermal
energy into the renewable-energy mix of KSA, it is essential to assess the
potential and techno-economic performance of hydrothermal systems
under varying reservoir and economic conditions. Therefore, we
conduct techno-economic performance-based parametric study of the
hydrothermal systems using generic models with doublet well patterns.
We aim to understand how variations in key reservoir parameters and
optimization of controllable design and operational parameters influ-
ence the performance of the hydrothermal doublet system. We apply the
insights gained to perform techno-economic modeling analyses of
optimized hydrothermal doublet systems for a major syn-rift sedimen-
tary basin at the Red Sea coast, the Al Wajh basin.

The Al Wajh basin is located in the North-Central part of the Red Sea
basin (Fig. 1). We choose this study area for several reasons. First, the
economic development and tourism projects planned for this region will
lead to high local demands for electricity, heating, cooling, and water
desalination. Second, government regulation requires the implementa-
tion of low-carbon energy. Third, some subsurface data are publicly
available and provide information for our modeling. Fourth, the clastic
sedimentary formations with suitable porosity and permeability in this
basin are at depths adequate for geothermal energy extraction and uti-
lization, including carbon storage.

In this study, we perform coupled reservoir and wellbore flow and
heat-transport simulations of geothermal energy extraction as well as an
economic analysis for generic and site-specific hydrothermal doublet
systems. Considered reservoir parameters include geothermal gradient
and reservoir depth; design and operational parameters are well spacing

Geothermics 105 (2022) 102532

and circulation flowrate. For performance quantification, we define
several metrics, namely (i) average production temperature and thermal
power, (ii) the thermal breakthrough time (for reservoir heat depletion),
(iii) the coefficient of performance (CoP; ratio of the thermal power
generated to used pump power), and (iv) the techno-economic perfor-
mance of the hydrothermal system (LCOH, Levelized Cost of Heat).
Additional constraints are imposed on the system to prevent the adverse
effect of excessive pressure buildup and thermoelastic fracture initiation
at the injection well.

Considering two existing siliciclastic hydrothermal formations
within the Al Wajh basin, with varying depths, thicknesses, and per-
meabilities, we investigate feasibility and techno-economic performance
of potential hydrothermal doublet systems. We then compare our local
study result to reported values for hydrothermal systems in the United
States and Europe. Also, the sensitivity of economic parameters on the
LCOH performance metric is investigated. The insights from our study
serve as a guide for selecting suitable hydrothermal reservoirs and for
improving their performance. In addition, our findings assist in decision-
making for the optimal design and operation of a hydrothermal system
(within the model’s uncertainty and natural variability ranges) in sedi-
mentary rift-basin in Saudi Arabia and in geologically similar regions of
the world.

2. Target siliciclastic hydrothermal reservoirs along the Red Sea
rift basin

From a publicly available report of the Al Wajh basin (Hughes and
Johnson, 2005), we obtain (Fig. 2) a stratigraphic column based on an
exploration well drilled by Saudi Aramco named Al Wajh South-1
(AWSO-1), located in the southern part of the basin. This well reaches
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Fig. 1. Map showing the study area, the locations of exploratory wells, water desalination plants, sedimentary basins, and volcanic regions along the Red Sea rift
(compiled from Girdler and Evans, 1977; Hughes and Johnson, 2005; Lashin and Al Arifi, 2014; Nada, 2013). The number of water desalination plants for each

location is given in brackets.
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Extracted from Al Wahj South-1 (AWSO-1) Well, Al Wahj Basin,
North Central Red Sea, Saudi Arabia
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Fig. 2. Type section of the different Groups and Formations encountered by the Saudi Aramco exploration well Al Wajh South-1 (AWSO-1) well located in the Al
Wajh basin, Red Sea rift. The lithology description, basal depths, and calculated temperatures (assuming a constant geothermal gradient of 30 °C/km and an annual

mean surface temperature of 30°C) of the formations of interest are presented. Modified from Hughes and Johnson (2005).

a maximum (reported) depth of 4100 m TVD (Fig. 2).

The hydrothermal-reservoir-bearing strata in the study area suitable
for geothermal energy are within early syn-rift intervals consisting pri-
marily of sandstone and sandy conglomerate — namely Al Wajh For-
mation (Fm), Nutaysh Member of Burgan Fm, and Umm Lujj Member of
Jabal Kibrit Fm (Fig. 2). These formations are thick (200-950 m), deeply
buried (i.e., at 2-4 km depth) at sufficient temperatures (Fig. 2), possess
good reservoir properties (Cole et al., 1995; Hughes and Johnson, 2005),
and are unconformably embedded between low-permeability rock
evaporitic formations acting as seals (Fig. 2) (Hughes and Johnson,
2005). The average reservoir porosity of the Burqan Fm is 22%, with an
average permeability reaching 2 Darcy, while the porosity of the Jabal
Kibrit and Al Wajh formations is up to 36%; determined from samples
taken in the AWSO-1 well (Hughes and Johnson, 2005; Abdullatif and
Osman, 2019).

This study only considers the Al Wajh and Umm Lujj reservoir units
for our analysis (see Section 4.3). Due to the divergent plate-boundary
Red Sea rifting, the study area has a relatively high heat flow (Gir-
dler, 1970; Girdler and Evans, 1977; Pollack et al., 1993; Rolandone

et al., 2013; Limberger et al., 2018). The Red Sea basin has a heat flux
ranging from 70-90 mW/m? (Limberger et al., 2018; Lucazeau, 2019)
with the Al Wajh basin (the focus area for this this study) up to 90
mW/m? near the town of Umm Lujj. This is significantly above the
continental area average of 65 mW/m? (Pollack et al., 1993). The
geothermal favorability map for KSA as created by Aboud et al. (2021),
classifies the Al Wajh basin as a high to very high geothermal-favorable
area.

3. Methods

In the following, we summarize our numerical modeling approach
that evaluates reservoir performance and well configurations for hy-
drothermal doublet systems. Performance evaluation metrics and ther-
moelastic fracture initiation models provide the basis for a quantitative
techno-economic evaluation of such systems. The results are presented
and discussed in Section 4.
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3.1. Hydrothermal reservoir model

As a base case, we set up a conceptual small-scale model of a hori-
zontal, homogeneous hydrothermal reservoir (Fig. 3). The model is
scalable for actual reservoir sizes, energy-potential, and energy-
extraction schemes. The hydrothermal reservoir consists of a sand-
stone unit bounded by impermeable bedrock and caprock formations (e.
g., evaporites), as present in the Al Wajh basin (see AWSO-1 well, Fig. 2).
The area is 2 x 2 km?, with a sedimentary layer thickness of 200 m and a
permeability of 5 x 10~ % m? for the base case. These values are chosen
to be the conservative reservoir-property averages of the hydrothermal
system in the Al Wajh basin.

Further, we assume a doublet well pattern, consisting of a vertical
injection well and a vertical production well. The wells are located near
the center of the model and penetrate the entire hydrothermal reservoir.
The computational grid is refined near the production and injection
wells, and coarsens at the lateral boundaries to ensure both numerical
accuracy and runtime efficiency. The grid-cell sizes range from 10 x 10
x 20 m® to 50 x 50 x 20 m®.

As reservoir simulator, we use TOUGH2 (Pruess et al., 2012)
including the module EWASG (Equation-of-State for Water, Salt, and
Gas) (Battistelli et al., 1997). TOUGH2-EWASG allows to model
geothermal reservoirs with three-component mixtures of water, sodium
chloride (NaCl), and a slightly soluble non-condensable gas. TOUGH2
solves the fluid flow and heat transport equations, using the integral
finite difference method for space discretization and the first-order, fully
implicit, backward finite difference method for time discretization
(Pruess et al., 2012). Dirichlet boundary conditions are set for the lateral
boundaries of the reservoir pressure and temperature. There is heat flux,
but no vertical fluid flow, from the reservoir to the overlying and un-
derlying low-permeability formations. An initial steady-state model
simulation defines the model’s initial temperature and pressure fields.

| Y =2km }
Top view
g
-~ i HHES
™ Injection we
] T
< |
Impervious layer Side view
Hydrothermal reservoir
Impervious bedrock

Fig. 3. Top and side views of the reservoir model showing the model’s di-
mensions (2 x 2 km?), the location of the production and injection wells, and
the meshing. The side view shows a cross-section of the reservoir which has a
thickness of 200 m and is bounded at the top and bottom by impervious layers
that allow conducitve heat transfer but no fluid flow.
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Temperature and pressure in the reservoir range from 100 °C and 23
MPa at the bottom to 105 °C and 25 MPa at the top of the reservoir as the
initial conditions. The reservoir initially contains 20 wt% NaCl-brine.

3.2. Production wellbore and power-system model

Fluid pressure is expected to drop in the wellbore during production,
depending on wellbore diameter, flowrate, friction, and other factors. A
pump supports the fluid pressure at an appropriate depth to ensure
production continues. Hence, it is vital to study all thermophysical
processes at play during the entire production process.

We use an one-dimensional production wellbore model (Ezekiel
et al., 2020, 2022). At any given time during simulated production, the
initial conditions are defined as the reservoir (bottom-hole) pressure and
temperature. The vertical production well is set up by dividing the depth
to the reservoir top into 100 equal-sized elements. In the base case, the
reservoir is at a depth of 2500 m, and the well is divided into 25 m-long
vertical segments. Conservation of mass, as defined in (Adams et al.,
2015; Ezekiel et al., 2022), is used to calculate the fluid state in the
production well across each vertical well segment as the fluid flows up
along the wellbore. We use CoolProp (Bell et al., 2014; CoolProp, 2019)
for the iterative calculation of thermodynamic fluid properties,
including the standard equations of state (Bell and Jager, 2016). We
adopt the assumption on production well material and hence its fric-
tional properties, following (Ezekiel et al., 2020, 2022). The wellbore
diameter is set to 0.315 m, similar to an average well diameter in
geothermal fluid production (Bush and Siega, 2010). For simplicity, the
wellbore model does not account for conductive and convective heat
transfer to and from the rock in the near-wellbore region as the
geothermal fluid is produced. Neglecting heat transfer in our wellbore
model would lead to an overestimation of the wellhead temperature
ranging from~0.5% for the shallow (low-temperature) to~2% for the
deep (high-temperature) hydrothermal reservoirs.

The wellbore model is coupled with the (bottom-hole) reservoir
simulation results to obtain the production wellhead temperature, T,
and the wellhead pressure,P,,, of the produced fluid (as a function of
time).T,, andP,,, are used to calculate the enthalpy of the produced fluid
at the production wellhead,h,, (Eq. (1)), which is used to estimate the
average thermal power (Pg) that can be generated at the surface (Eq.

(2).
hwh :f(Twhapwh) (1)

Py, =1t X (hy, — hiyy) x CE (2

In Eq. (2),m is the mass flowrate,h;,; is the enthalpy of the injected
brine set in TOUGH2 (calculated using the injection temperature and the
reservoir pressure) andCF is the capacity factor. We assume an average
CF of 80%, which is within the typical values for geothermal operations
(IEA Geothermal, 2017; EIA, 2019). The impact of the capacity factor to
the economic viability of hydrothermal doublet systems are analysed in
Section 4.5. The mass flowrate is equal for both the injection and pro-
duction wells.

3.3. Simulation schemes

3.3.1. Hydrothermal doublet (base-case) model

Using the base-case parameters in Table 1, we set up a hydrothermal
doublet (reservoir and wellbore) model (described in Section 3.1). Brine
is circulated across the entire reservoir section at a pre-determined
flowrate optimized to ensure sufficient power output and no excessive
pressure buildup near the injection well. We investigate the effect of well
spacing on the hydrothermal doublet system’s thermal power output
and overall performance. We assume well spacings between 200 and
800 m. Numerical boundary effects become apparent when the well
spacing exceeds 800 m. In Section 4.1, we determine an optimal well
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Table 1
Parameters used.

Reservoir Parameters: Varied

Depth (km) *

Geothermal gradient (°C/km) *

Thickness (m) **

Permeability (m?) **

Reservoir Parameters: Not Varied

Ambient mean surface temperature

Rock density (kg/m>)

Specific heat capacity (J/kg/°C)

Effective thermal conductivity (W/m/
°C)

Porosity (-)

Reservoir fluid

Boundary conditions

Operational Design Parameters
Well pipe diameter (m)
Fluid circulation rate (kg/s)
Well spacing (m) “**
Injection temperature (°C)

1.5, 2.5, 3.5, or 4.5

20, 30, 40 or 50

200 or 400

1 x 10 " to 2 x 1073 (10-200 mD)

30
2600
1000
2.1

0.2

Brine (20 wt% NaCl)

Open (constant pressure and
temperature)

0.315

optimal (40 kg/s for base case)
200 to 800

52.50

Production time (years) 40

" The base-case values for the thickness, reservoir permeability, and perme-
ability anisotropy are 200 m, 5 x 10~'* m? and 1.0. The other values mentioned
for the reservoir thickness and permeability are used to indicate and discuss
variability in the case study section.

™ The base-case values for the reservoir depth and geothermal gradient are
2.5 km and 30 °C/km.

" Well spacing of 200-800 m is used only for the base-case simulations
presented in Section 4.1. The well spacing of 400-700 m is used for the simu-
lations of varying key reservoir parameters to reduce the number of simulations
needed but still capture the effects of varying the well spacing.

 The injection temperature is estimated based on an annual mean surface
temperature (30 °C) and an injection wellbore model.

spacing for the base-case hydrothermal doublet system. Re-injected
brine temperature is 52.50 °C. Finally, we consider a simulated pro-
duction period of 40 years, which is a reasonable lifespan for geothermal
power plants (Adams et al., 2021).

3.3.2. Performance metrics

The important performance evaluation metrics for the hydrothermal
doublet system are average reservoir production temperature, thermal
power, thermal breakthrough time, the coefficient of performance
(CoP), and the Levelized cost of heat (LCOH). These performance met-
rics are defined as follows:

(a) The average reservoir production temperature,T, and thermal
power,Py, can be used to identify hydrothermal doublet systems
that show no thermal breakthrough but are unattractive due to
their low production temperature and power generated.

(b) Thermal breakthrough time, expressed in years, is when the cold
front connects to the production well. Thermal breakthrough is
non-dimensional as a temperature fraction,dT, and expressed in
Eq. (3).Tp is the initial reservoir temperature,Tpoq is the down-
hole production well temperature at timet, andTi,; is the injection
temperature. We refer to thermal breakthrough time as the
time,t;p when dT declines by 5% from its original value att = 0.

dT(t) = TO - Tprod(t)/T() - Tinj (3)

This performance metric can be used to determine the economically
viable lifetime of the hydrothermal doublet system. Early thermal
breakthrough leads to a decrease in the system’s overall performance.

Geothermics 105 (2022) 102532

(a) The CoP (Eq. (3)) is a dimensionless (pressure-related) parameter
to access the technical feasibility of the system (Ke et al., 2022). It
considers the required parasitic pump power,Ppyn, (Eq. (4)). The
higher the CoP, the better the performance of the hydrothermal
doublet system.

CoP = Py /Ppump )]

Prump = (112 % p; X AP) /n 5)

In Eq. (5),AP is the difference between the pressures at the produc-
tion wellhead (calculated from the wellbore model) and the injection
wellhead (taken as atmospheric pressure (Daniilidis et al., 2021)).
Where applicable, we include in the numerator of Eq. (5) any extra
pressure added to the system to ensure that pressure at the production
wellhead remains above atmospheric pressure at all times.p; andy are
the density of the produced fluid and pump efficiency, respectively. We
choose a pump efficiency of 75% (Menon, 2011).

(a) A geothermal system’s economics can be evaluated by its Lev-
elized Cost of Heat (LCOH) - a measure of the cost of (directly)
using the extracted geothermal energy for any surface direct
application. We calculate the LCOH using (Daniilidis et al.,
2017), where LCOH over the project lifetime,n = 40 years, is

defined as
En: . CapEx,; +0,pE.n
LCOH = =" — (6)
2 ()

In Eq. (6),CapEx, andOpEx, are Capital and Operational expenses,
respectively (in years t), r is the discount rate, andPy, is the thermal
power generated in yeart. In this study, the LCOH is calculated for
annual and equally spaced timesteps of the modeled process. The re-
ported LCOH values are the respective values att = 40 years. We define
CapEx as discrete investments, including the costs of drilling the wells
(Lukawski et al., 2014; Daniilidis et al., 2017) (Eq. (7)), the costs for the
exploration phase (DOE, 2016; Beckers and McCabe, 2019) (Eq. (8)), the
construction costs (Eq. (9)) for the heat network facilities (DOE, 2016;
Beckers and McCabe, 2019), and the recurring costs for the submersible
pump (Daniilidis et al., 2021). A cost contingency factor ¢ of 15%,
covering equipment and miscellaneous expenses, is added to the CapEx
(DOE, 2016; Beckers and McCabe, 2019). The total Operational Ex-
penses (OpEx) is the sum of the fixed OpEx and the variable OpEx,
whereby fixed Operational Expenses are calculated as a percentage of
the CapEx, i.e., 5% per year. The cost of buying the pump electricity
needed (for every operational hour) is calculated as the variable OpEx,
as shown in Eq. (10) (Daniilidis et al., 2021),

C,=172 x (02 xZ*+700 xZ+25000) x (1+c¢) x 1.184 )

C =06 xC,+10°4+0.12 x (0.6 xC,+10°) ®
Cye = (750 x n,, x 500) 4 (750 x L,) 9
Variable OpEx = Ppymp X E, X t (hour) (10)

Furthermore, we vary six economic parameters in a fixed range
of +15% compared to their base-case values (Table 2) to investigate the
corresponding sensitivity of the LCOH performance metric. The eco-
nomic parameters include (i) calculated cost of drilling the wells, (ii)
length of the pipeline to the gathering system, (iii) cost of pumps, and
the number of times pumps need to be replaced during the system’s
lifetime, (iv) fixed OpEx (as a percentage of the CapEx), (v) electricity
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Table 2
Economic parameters.

Capital investment (CAPEX)

Drilled depth, Z (m) according to the simulation scenario
(2500 m base case)

Number of wells drilled, n,, (-) 2

Length of pipeline to the gathering 1000

system”, L, (m)

Cost of a well*, C,, ($) See Eq. (7)
Cost of exploration, Cey ($) See Eq. (8)
Cost of gathering system, Cg ($) See Eq. (9)

Cost of a pump*, G, (10° $) 5.90' (Daniilidis et al., 2021)
Cost contingency*, ¢ (%) 15

Number of pumps used*, n, (-) 2

Pump replacement interval®, t,, (years) 5

Operational expenditure (OPEX)
Fixed OpEx* ($)

Variable OpEx ($)

Electricity price*, E, ($/W-hr) 108.90' (Daniilidis et al., 2021)
Well spacing (m) 400 to 700

Annual discount rate, r (%) 7

5% of the total CapEx per year
See Eq. (10)

" The sensitivity of these parameters on the LCOH performance metric is
investigated (See Section 4.5).
T 2021 average foreign exchange rate of €1 = $1.184.

costs for pump operations, and (vi) percentage of cost contingency. The
results (upper and lower bounds) of the LCOH for each of the respective
parameter spaces were compared to the base-case LCOH.

We apply the method of (Ezekiel et al.,, 2021) to calculate the
sensitivity,a, on the LCOH performance metrics (m) for+15% variations
in the values of the economic parameters with respect to the base case,
mathematically represented as (Eq. (11)),

Mhigh — Miow

a = 33.33 (€8]

my
The subscripts “high” and “low” denote the respective upper and
lower bounds of the 15% deviation of the LCOH performance metrics
from that of the base case (m,). We present the economic parametric
sensitivity results in Section 4.5.

3.3.3. Effects of reservoir and operational design parameters on
hydrothermal doublet performance

We investigate the hydrothermal doublet system’s sustainable per-
formance using reservoir-parameter values of well AWSO-1 (Table 1).
We vary reservoir depths from 1500 to 4500 m and geothermal gradi-
ents from 20 °C/km to 50 °C/km. The model is re-initialized for each
new parameter set. The operational parameter well spacing (400-700
m) is varied to determine a performance-optimized well spacing. Then
the model’s optimized well spacing and pre-determined optimal flow-
rate (based on the highest flowrate for maximum admissible pressure
buildup of 3 MPa at the injection well) are used to determine the effects
of reservoir parameter variations on the techno-economic performance.
This analysis helps to understand the reservoir-parameter sensitivity for
the Al Wajh case study (see Section 4.3).

3.3.4. Thermoelastic fracture initiation model

Thermoelastic fracture (TF) initiation at the injection well has
adverse effects on reservoir use. Therefore, we assess the possibility of
initiating thermal-stress-induced fracture(s) in the injection well’s
reservoir interval. This evaluation is necessary to determine optimal
hydrothermal doublet system design and operational parameters, and to
avoid thermoelastic fracturing at the injection well. With the TF model,
we restrict flowrates and pressure buildup to permissible values that
prevent hydraulic fracturing.

Thermoelastic fracture initiation is evaluated by calculating the
minimum effective hoop stress (o) at the injection wellbore wall (Eq.
(12)) (Zoback et al., 2003). The calculatedo.s needs to stay above zero
(assuming a conservative value for tensile strength, To = 0 MPa) to avoid
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thermoelastic fractures. Following (Zoback et al., 2003),0.¢ is given as

Gett = (3Shmin — 28tmax — Py —dP —6*7) )0 12)

where,

Shinin = ————5—A 2 13)
" fu)

Shmin and Spmax are the far-field minimum and maximum principal
horizontal stresses, respectively;P, anddP are the pore pressure and the
injection-induced pressure increase at the injection well, respectively.
For a normal faulting environment, as expected for the Al Wajh
basin,Sy> Sumax >Shmin, WhereSyy, is constrained by Eq. (13). For our
base case, we assume Symayx is the average betweenSymi, and Sy.Sy is the
vertical and greatest principal stress, here assumed to follow a gradient
of 23 MPa/km Zoback et al., 2003). In the ensuing sensitivity analysis,
we account for the following two SHy,.x uncertainty cases: (i) Symax =
1.1 X Spmin @and (ii) Sgmax = 0.9 x Sy. In Eq. (13),u is the coefficient of
sliding friction generally ranging between 0.6 and 1.0 (Byerlee, 1978;
Zaal et al., 2021). For simplicity, we consider the lower bound value of
0.6.f(¢) (Egs. (13) and ((14)) is the function ofu represented as,

Fy = [+ 1) 4] a4

The thermal cooling stress,o*7 is calculated using Eq. (15) (Zoback
et al., 2003).

" = (aE AT)/(1—v) (15)

a, is the thermal expansion coefficient, which is a strong function of
silica content (Watanabe et al., 2004),AT is wellbore cooling, (difference
between reservoir temperature and the injection temperature),E is
Young’s modulus andv is Poisson’s ratio. The values ofE andv are chosen
from their relationship with depth for sandstone (English, 2012).

4. Results and discussion
4.1. Performance of the (base-case) hydrothermal doublet reservoir

We investigate the performance of the base case hydrothermal sys-
tem situated at a depth of 2500 m and a thickness of 200 m (Table 1) for
varying well spacings (200-800 m) using the pre-determined optimal
flowrate of 40 kg/s. Fig. 4a shows temperature depletion at the pro-
duction well over time. Thermal breakthrough, (occurs for well spacings
less than 600 m (larger distances are unaffected), with reservoir tem-
peratures decreasing by 2-3% every five years for well spacings less than
500 m (Fig. 4).

Fig. 4b displays the performance metrics —T,P,, CoP and LCOH, for
the different well spacing. Due to the decreasing effect of thermal
breakthrough for larger well spacings, T andPy, increases. However, at
500 m well spacing, their rates of increase slows down. For well spacings
of 600 m and above, T remains the same due to no thermal break-
through, whereasPy, and CoP decrease due to the increased pump power
needed to compensate increasing pressure difference between produc-
tion and injection well. The effect of reservoir impedance (due to
increased reservoir space for fluid flow) becomes more significant for
well spacing > 600 m leading to decreased CoP.

The CoP serves as preliminary parameter that indicates the start in
performance decline of the hydrothermal doublet system. Also, LCOH
decreases with increasing well spacing, down to a minimum of 156.20
$/MWh for a well spacing of 600 m. This indicates a 44% LCOH decrease
for well spacings from 200 to 600 m. Between 600 m and 800 m spacing,
LCOH gradually increases by 2%. Thus, the base-case simulation results
suggest that a 600 m well spacing is optimal as it exhibits no thermal
breakthrough over the system’s 40-year lifespan and results in the
highestP,, and CoP, and the lowest LCOH.

Furthermore, assuming a 100% capacity factor and 5% discount rate,
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Fig. 4. (a) Temperature drop (expressed as a percentage decline in the original value of dT at ¢ = 0) over time, and the equivalent reservoir production temperatur
after 40 years, for well spacing of 200 m to 800 m. 5% indicates the start of thermal breakthrough. Thermal breakthrough and temperature drop are not observed for
well spacing > 600 m (the reservoir production temperature remains the same after 40 years), (b) Average reservoir production temperature, average thermal power,
CoP and the LCOH over time for well spacing of 200 to 800 m. Optimal well spacing is determined to be 600 m.

the minimum LCOH value (at 600 m spacing) of 156.20 $/MWh is
halved. This indicates the strong impact these two parameters would
have on the economic feasibility (LCOH) of the hydrothermal doublet
system. The effects of these parameters are discussed in detail in Section
4.5.

Fig. 5 displays the temperature distribution after 40 years (end of the
simulation). The cold front reaches the production well if the well
spacing equals or is less than 400 m. This result matches the thermal
breakthrough pattern observed in Fig. 4a. The cold plume does not reach
the production well for spacings of 600 m and above (Fig. 5).

4.2. Effects of variation of key reservoir parameters on the performance
metrics

Next, we examine how geothermal gradient and reservoir depth
variabilities affect the performance metrics — average production tem-
perature and thermal power, thermal breakthrough time, CoP, and
LCOH. Starting from a constant ambient surface temperature of 30 °C,
we vary the geothermal gradient from 20 °C/km to 50 °C/km and
reservoir depths from 1500 m to 4500 m (at a constant thickness of 200
m). These variations are expected to influence the geothermal system’s
performance directly. While reservoir depth and geothermal gradient

are set by nature and cannot be influenced, we can optimize operational
parameters such as well spacing. All other base-case reservoir parame-
ters are kept constant (Table 1), and we again use the pre-determined
optimal flowrate of 40 kg/s.

4.2.1. Average production temperature, thermal power and thermal
breakthrough time

Tables 3a and b list increasing average production temperature and
thermal power generated as reservoir depth and geothermal gradient
increase. There is little effect on these two performance metrics with
widening well spacing. Low production temperatures (<73 °C) esti-
mated for shallow reservoir depth (1500 m) and geothermal gradients
less than 40 °C /km generate negative power. Hence hydrothermal
reservoirs with such low production temperatures may be not attractive
or feasible for geothermal energy development. In contrast, for pro-
duction temperatures above 80 °C, at least 1 MWy, average power can be
generated.

An increase in the well spacing prolongs the thermal breakthrough
time (Table 3c, Fig. 4a). Table 3c shows that for closer well spacings,
thermal breakthrough occurs sooner as reservoir depth and geothermal
gradient increase. This effect is caused by lower fluid density associated
with higher volumetric flowrate. Interestingly, thermal breakthrough is

200 m well spacing (WS) 400 m WS 600 m WS 800 m WS
S
o
o
8 prod prod ® prod ®
1
>

X =2000m

50 60 75 90 100

Temperature [°C]

Fig. 5. Temperature distributions in aerial view for the base case after 40 years and doublet-well spacings (DS) of 200, 400, 600, and 800 m. No thermal break-
through occurs at the production well when the well spacing is >600 m. Note that model sections with a temperature greater than 100 °C are blank.
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Table 3

List of calculated average reservoir production temperatures (°C) (a), average thermal power (MWy,) (b), and thermal breakthrough times estimated in years (c) as a
function of various geothermal gradients, reservoir depth, and increasing well spacing (from 400 to 700 m). There is no thermal breakthrough for well distances
> 600 m, as indicated by blank. Even though there is no thermal breakthrough for cases with average reservoir production temperature less than 73 °C (at well
distances > 600 m), they generate negative power (shown as blank cells in (b)). Hence, these low production temperature cases are not economically viable for
development.

(a) Average reservoir production temperature (°C)

20 30 40 50 GG* [°C/km]
Depth [m] 400 500 600 700 400 500 600 700 400 500 600 700 400 500 600 700 Spacing”* [m]
1500 58 58 58 58 71 72 72 72 84 86 86 86 98 100 100 100
2500 77 78 78 78 100 102 102 102 123 126 126 126 147 149 150 150
3500 96 98 98 98 129 132 132 132 162 165 166 166 195 199 200 200
4500 115 118 118 118 157 161 162 162 201 205 206 206 243 249 250 250
(b) Average thermal power (MWy,)

20 30 40 50 GG [°C/km]
Depth [m] 400 500 600 700 400 500 600 700 400 500 600 700 400 500 600 700 Spacing [m]
1500 1.2 1.4 1.4 1.4 2.7 2.9 2.9 2.9
2500 0.3 0.4 0.4 0.4 2.8 3 3 3 5.3 5.6 5.6 5.6 7.9 8.1 8.2 8.2
3500 2.3 2.4 2.4 2.4 5.8 6.1 6.1 6.1 9.4 9.7 9.8 9.8 13 13.3 13.4 13.4
4500 4.2 4.4 4.5 4.5 8.8 9.1 9.2 9.2 13.4 13.8 13.9 13.9 17.9 18.4 18.5 18.5
(c) Thermal breakthrough times (year)
© 20 30 40 50 GG [°C/km]
Depth [m] 400 500 600 700 400 500 600 700 400 500 600 700 400 500 600 700 Spacing [m]
1500 20.5 33.1 19.9 31.9 20.3 33.1 20.6 33.3
2500 20 32.5 20.5 33.1 21 34.1 21.5 34.9
3500 20.3 33.2 21.2 34.4 21.7 35.2 22.1 35.7
4500 21 34 21.7 35.2 22.2 35.9 22.3 36.1

" GG stands for geothermal gradient.

 Well spacing starts from 400 m (instead of 200 m in Section 4.1) to reduce the number of simulations.

not reached for the shallowest reservoir depth and the 20 °C/km
geothermal gradient, irrespective of well spacing. This is due to the low
temperature difference between reservoir temperature (60 °C) and in-
jection temperature (52.50 °C), resulting in slower migration of the
dense (cold) injected fluid. However, if well spacing is less than 500 m,
thermal breakthrough occurs in the shallowest reservoir case for the
geothermal gradients greater than 20 °C/km. Recall that there is no
thermal breakthrough for the optimal base-case well spacing (600 m) for
all geothermal gradients and reservoir depths (Fig. 4).

Furthermore, cases with very low production temperature (resulting
in negative power) may have no thermal breakthrough at well
spacing>600 m (Table 3c); however, their low production temperature
still does not render them economically viable for development. In
addition, low reservoir production temperature, with positive but low
power, may also not be suitable for certain direct-use application (such
as spacing cooling and industrial applications). This needs to be put into
consideration per use case.

4.2.2. Coefficient of performance (CoP)

Using the CoP results for varying reservoir parameters, we determine
the optimal well spacing. First, we define a dimensionless CoP fraction
between 0 and 1, by dividing the CoP for each doublet spacing by the
maximum CoP from all well spacing simulations. Fig. 6 shows the mean
of all CoP fraction values for each well spacing. The top and bottom
boundaries of the box represent the first (upper 25%) and the fourth
(lower 25%) quartiles of the CoP fraction values, whiskers represent the
minimum and the maximum CoP fractions. The doublet with well
spacing of 600 m has mean CoP fraction closest to 1, shortest quartiles
and whiskers, and hence is the optimal system’s design in terms of well
spacing.

Furthermore, the change in CoP fraction for 100 m increments in
well spacing and related uncertainty in obtaining the optimal spacing is
more pronounced for smaller well spacings (<500 m). From the slope in
CoP fraction in Fig. 6, we infer the energy penalty for choosing a sub-
optimal well spacing. Too narrow well spacings incur a higher penalty
than those that are too wide.
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Fig. 6. Box and whisker plot showing the CoP fraction for various geothermal
gradients and depth parameter spaces for well spacing of 400 m to 700 m. The
600 m well spacing achieves the maximum CoP fraction value.

Fig. 7 exhibits that the maximum CoP per 1-kilometer depth
(ACOPphax/km) changes most rapidly between 1.5 km and 2.5 km, with
30 and 39 ACoP,,x/km values for the GG cases of 40 °C/km and 50 °C/
km, respectively.ACoPp,x/km increases as the geothermal gradient in-
creases due to the higher thermal power generated for the high
geothermal gradients of 40 °C/km and 50 °C/km. However,ACoPy,x/
km decreases with depth because of increasing pump power require-
ment, slowing the rate CoP increases with depth. The drop in CoP for the
4500 m reservoir depth case when GG increases from 40 °C/km to
50 °C/km could result from the large increase in required pump power.
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Fig. 7. Plot of maximum CoP vs. geothermal gradient for different depths,
showing the change in maximum CoP per 1 km depth as geothermal gradient
increases. The maximum CoP is at the 600 m well spacing.

To a lesser degree, this effect is also noticeable when the reservoir is
3500 m deep; CoP increases more slowly as GG increases from 40 °C/km
to 50 °C/km.

4.2.3. Levelized cost of heating (LCOH)

The levelized cost of heating indicates the cost (in $/MWh) of
extracting heat from the hydrothermal resources for direct-use purposes.
As shown in Eq. (5), LCOH is a function of both the CapEx and OpEx
divided by the amount of energy extracted and discounted by 7% in this
case.
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Fig. 8. Box and whisker plot showing the LCOH fraction for various geothermal
gradients and depth parameter spaces for well spacing of 400-700 m. The
lowest values of the LCOH fraction also correspond to the optimal 600 m
well spacing.
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Fig. 8 shows a box and whisker plot of the calculated LCOH fraction,
derived by dividing the LCOH for each well spacing by the minimum
LCOH value across all well spacing for the evaluated parameter ranges.
LCOH fraction decreases as well spacing increases to 600 m, where
LCOH exhibits a minimum. However, by further increasing well spacing
to 700 m, the LCOH increases slightly. The increment in LCOH is due to
increased pump power to compensate for larger pressure differences for
widely spaced injection and production wells (spacing > 600 m). Hence,
the increase in well spacing results in higher CoP and lower LCOH, but
all optimal performances are at the 600 m well spacing for the hydro-
thermal system. Fig. 8 also shows that albeit well spacings of 500 m and
700 m have similar mean LCOH fractions, we expect the 500 m spacing
to have better economic performance due to smaller error bands.

Using the optimal well spacing with lowest LCOH, Fig. 9 displays the
LCOH results for varying geothermal gradients and depths. LCOH de-
creases as the geothermal gradient and depth increase. Hence, as the
hydrothermal reservoir becomes hotter, there will be less cost (per
MWh) for developing the hydrothermal doublet system.

For reservoir depths shallower than 3000 m, LCOH is high for
geothermal gradients less than 30 °C/km (Fig. 9). In contrast, LCOH
reduces markedly when the geothermal gradient increases above 30 °C/
km. This indicates that a hydrothermal system at shallower depths will
not be economically viable for heat extraction unless the geothermal
gradient is moderately high (> 30 °C/km). For geothermal gradients
above 40 °C/km, reservoirs above 3000 m depth have LCOH ranging
from 80-210 $/MWh, while deeper reservoirs (i.e., below 3000 m) yield
LCOH between 52 and 68 $/MWh. For a 2500 m deep reservoir (base
case) and optimal well spacing of 600 m, Fig. 9 shows that LCOH drops
from 1208 to 156 $/MWh (87% decrease) when the geothermal gradient
increases from 20 °C/km to 30 °C/km. However, if the geothermal
gradient increases from 30 °C/km to 40 °C/km, the LCOH drops to 83
$/MWh (47% decrease). It decreases further to 52 $/MWh (37%
decrease) if the geothermal gradient increases from 40 °C/km to 50 °C/
km. This suggests an asymptotic relationship between LCOH and an
increase in geothermal gradient, depth, reservoir temperature, and
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Fig. 9. Semilog plot of the minimum LCOH for varying geothermal gradients of
20-50 °C/km and reservoir depths ranging 1500-4500 m. LCOH decreases as
the geothermal gradient and reservoir depth (i.e., temperature in general) in-
crease. Negative power is generated for the 1500 m depth case at low/mid
geothermal gradients of 20 °C/km and 30 °C/km. Hence they are omitted from
the plot.
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power generated (see Fig. 9). This implies that the expenditure, espe-
cially the cost of drilling to the deeper formations, leads to a decrease in
the rate of LCOH drop as depth (and temperature) increase. The LCOH
for the 40°C/km and 50°C/km geothermal gradients become equal at
deeper depths of 3500 m and 4000 m.

4.3. Case study: modeling the techno-economic performance of the
hydrothermal doublet system of the Al Wajh basin

As described in the Section 2, we use the Al Wajh Formation (Fm)
considered to have favorable hydrothermal conditions (Fig. 2), as a case-
study reservoir to investigate the techno-economic performance of
geothermal energy development in the Red Sea region. Fig. 2 indicates
that the AWSO-1 well only encountered the 200 m thick Al Wajh For-
mation at 4100 m. We use the small-scale reservoir model’s dimensions
(2 x 2 km) for the case-study simulations. The hydrothermal doublet
system’s optimal well spacing of 600 m is used. We assume an average
surface ambient temperature of 30 °C (consistent with mean surface
temperature for the region) and an average one-dimensional geothermal
gradient of 30 °C/km. This results in a subsurface temperature of about
150 °C in the Al Wajh Formation. To accommodate the natural and
uncertain permeability distribution, we set a range for the reservoir
model from 10 mD to 200 mD with an average of 50 mD.

Furthermore, we compare the simulation results for the Al Wajh
Formation to the Umm Lujj (UL) Member of the Jabal Kibrit Fm (depth
of 2350 m) in the Al Wajh basin (Fig. 2). However, we now assume that
the top 400 m section of the Umm Lujj Member (out of the 900 m
thickness, Fig. 2, (Hughes and Johnson, 2005)) is the reservoir target of
interest. This assumption enables us to compare two hydrothermal res-
ervoirs in the Al Wajh sedimentary basin, with varying thicknesses (200
and 400 m) and depths (4100 and 2350 m). At constant geothermal and
pressure gradients for the two target units, the shallower but thicker
Umm Lujj Member will have lower reservoir production temperature
(see Table 4 — Scenario A) and pressure than the deeper (but thinner) Al
Wajh Formation.

In the techno-economic performance evaluation of the case-study
hydrothermal doublet system, we first determine the optimal flowrate
corresponding to an admissible pressure buildup of 3 MPa at the injec-
tion well. The downhole injection pressures do not exceed induced
fracture initiation pressures at the wellbore wall and the pressure
propagation away from the well. This is also needed to avoid inducing
fractures or injection under fracturing conditions. Next, the LCOH is
calculated using the corresponding thermal-power and pump-power
simulation results. Note that the base-case injection temperature
(52.50 °C) and the pre-determined optimal well spacing of 600 m
(Section 4.2) are used.

Table 4 (Scenario A) summarizes the resulting performance metrics
and average power generated for the Al Wajh Formation at varying
permeability and transmissivity (a product of reservoir permeability and
thickness (Birdsell et al., 2021)). The optimized flowrate increases with
transmissivity, which increases the average thermal power and de-
creases the LCOH. The higher the flowrate and transmissivity, the better
the performance of the hydrothermal doublet system. The LCOH values
significantly decrease as permeability changes from 10 mD to 50 mD.
This indicates that low-permeable reservoirs generate lower thermal
power and require higher development costs. Note that the CoP de-
creases with increased transmissivity and flowrate due to the higher
pump power required as flowrate increases.

Comparing the simulation results (Scenario A) of the 50-mD case of
the deeper but thinner Al Wajh Fm to the 50-mD case of the shallower
but thicker Umm Lujj Member, the optimal flowrate determined for the
latter is 60 kg/s higher than the former (Table 4 — Scenario A). The
higher flowrate results from the larger reservoir transmissivity of the
Umm Lujj unit. However, the thermal power generated by the Al Wajh
Fm (with lower flowrate) is higher than that of the Umm Lujj Member
because of the higher temperature associated with deeper formation.
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Table 4

Performance for the deep Al Wajh Fm case at varying reservoir permeability and
the 50 mD case of the shallower Umm Lujj Member of the Jabal Kibrit Fm. Three
scenarios are considered — Scenario A: using the base-case injection temperature
of 52.50 °C. Scenario B: using the minimum injection temperature only without
optimizing the flowrate to achieve 3 MPa pressure buildup (dP) at the injection
well. The minimum injection temperature ensures that the undesirable ther-
moelastic fracture is not initiated at the injection well. Scenario C: using the
minimum injection temperature and the corresponding re-optimized flowrate.
Note that transmissivity (m®) is calculated as a product of permeability and
thickness.

Target Formations Al Wajh Fm Umm Lujj
(Fm) (Jabal K. Fm)
Permeability (mD) 10 50 100 200 50
Transmissivity (10712 2 10 20 40 20

3
m°)
Scenario A - using the base-case injection temperature of 52.50°C

Optimal flowrate (kg/ 10 50 100 200 110
s)

Maximum dP (MPa) 2.92 2.99 3.00 3.00 291

Ave. reservoir 150 150 146 139 100
temperature (°C)

Ave. surface prod. 144 144 141 134 97
temp. (°C)

Ave. thermal power 1.88 9.33 18.16 32.68 7.58
(MW)

CoP (-) 44.45 41.63 32.37 23.87 23.46

LCOH ($/MWh) 439.42  90.81 47.92 29.71 62.20

Scenario B — using the minimum injection temperature that will not induce TF*

Min. inj. temperature 82 83 83 83 36 (no TF')
(9]

Maximum dP (MPa) 2.02 1.91 1.86 1.79

Ave. thermal power 0.84 4.34 7.62 12.24
(MWth)

CoP (-) 19.94 19.43 13.00 9.60

LCOH ($/MWh) 984.34 195.59 108.61 73.73

Scenario C - using the minimum injection temperature and the re-optimized
flowrate™*

Re-optimized 15 81 160 325 100
flowrate (kg/s)

Maximum dP (MPa) 3.00 3.00 2.93 2.94 3.00

Ave. surface prod. 144 143 138 133 97
temp. (°C)

Ave. thermal power 1.26 6.70 11.10 18.96 9.52
(MWth)

CoP (-) 17.52 14.40 10.10. 6.82 32.66

LCOH ($/MWh) 657.02  128.00 84.76 67.84' 48.71

" The simulations for Scenario A are carried out with the minimum injection
temperature (to limit inducing TF) without re-optimizing the flowrate to match
the 3-MPa permissible pressure buildup at the injection well.

" The simulations for Scenario B consider both minimum injection tempera-
ture (to limit inducing TF) and the re-optimized flowrate to match the 3-MPa
permissible pressure buildup at the injection well.

 No TF will be initiated for the Umm Lujj case because the minimum injection
temperature required for TF initiation (36°C) is less than the injection temper-
ature (52.50 °C) used in this study. Hence there is no Scenario A for the Umm
Lujj case.

U For the highest transmissivity Al Wajh Fm case, the high flowrate leads to an
early thermal breakthrough, and thus LCOH increases.

Interestingly, although the 50-mD Al Wajh Fm case has a higher thermal
power output, the LCOH of the 50-mD Umm Lujj Member case is lower
by 32%. This is because the overall cost of developing a deep and thinner
Al Wajh Fm to generate 9.33 MWy, of power is significantly higher than
the cost to develop a shallower reservoir with higher transmissivity and
flowrate. Hence, if a good geothermal gradient (e.g., 30 °C/km) exists, it
is economically more feasible to target high transmissivity reservoirs
even if they are at moderate depths (> 2000 m).

Note that the thickness of Al Wajh may be larger than reported for
the AWSO-1 well (Hughes and Johnson, 2005), for locations further
north by tens of kilometers. In this case, the transmissivity of the Al Wajh
Fm might be greater or equal to that of the Umm Lujj Member, making it
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most likely that the Al Wajh Fm will have a lower LCOH than the Umm
Lujj Member. Also, if the permeability of the hydrothermal reservoirs of
the Al Wajh basin decreases with depth, the deep Al Wajh Fm’s per-
formance would worsen due to the expected increase in the LCOH values
as reservoir permeability and transmissivity decrease (Table 4). How-
ever, when the transmissivity value for shallower and deeper reservoirs
are equal, (e.g., the 100-mD Al Wajh Fm and the 50-mD Umm Lujj
Member have identical transmissivity of 2 x 107" m®) we observe that
the deeper Al Wajh Fm performs better (Table 4 — Scenario A).

Our preliminary results show that our small-scale case-study model is
highly scalable to achieve higher power output and reduce costs. Hence,
our findings show that the proposed system is worth considering for real
applications. It can be readily implemented in Red Sea sedimentary
basins with deep hydrothermal reservoirs to produce significant energy
for direct-use applications. In addition, we can achieve potential syn-
ergies if the two case-study hydrothermal formations are developed
sequentially or simultaneously. The synergic benefits include (i)
increasing the total producible geothermal energy due to higher pro-
duced geofluids and production temperature (Table 4 — Scenario A),
which may meet the requirements for geothermal electric power gen-
eration; (ii) using the generated power (electric and/or thermal) to
power operations of the Red Sea development project in the Al Wajh
region, thereby increasing the energy system efficiency of the project;
(iii) sharing existing infrastructure (surface facilities, wells, exploration
costs, etc.) and jointly utilizing multidisciplinary datasets (on reservoir
parameters), thereby reducing investment costs and hence LCOH
significantly; (iv) extending the useful lifespan of the geothermal field,
thereby postponing the decommissioning of the field and reusing
otherwise stranded assets.

4.4. Performance evaluation considering thermoelastic fracture initiation

To further evaluate the performance of the hydrothermal doublet
system, we derive limits for the injection pressure to avoid hydraulic
fracturing. As presented in Section 3.3.4, induced fractures initiate when
the hoop stress around the wellbore wall reaches the tensile strength of
the surrounding rock. This pressure limit is influenced by principal stress
differences and thermal effects — the difference between the reservoir
and fluid injection temperatures. At a fixed flowrate, a higher injection
temperature reduces the chances of TF occurring. Hence, optimizing the
system using a minimum injection temperature and an optimized
flowrate that limits TF initiation is important. For the assumed perme-
ability range of Al Wajh Fm (Table 4), using the base-case injection
temperature of 52.50 °C, the high difference between injection and
reservoir temperature would initiate TF at the injection well. This is true
because deeper reservoirs with high temperatures require higher injec-
tion temperatures to avoid thermoelastic fracture initiation. From
Table 4, our simulations show that the minimum injection temperature
to prevent TF initiation is about 82-83 °C for all permeability cases.
Since the Umm Lujj Member is at a shallower depth, the temperature
difference is low and would not induce TF. Hence, there is no Scenario B
for the Umm Lujj Member case, however, its minimum injection tem-
perature should stay above 36 °C.

To prevent hydraulic fracturing, we consider two scenarios (B and C)
for optimizing the performance of the hydrothermal doublet systems in
the Al Wajh basin. Scenario B considers the pressure-buildup-related
optimized flowrate (obtained in Scenario A) and the minimum injec-
tion temperature obtained for each case (Table 4 — Scenario B). The
simulation results reveal that pressure build up at the injection well
reduces to 1.86-2 MPa when assuming minimum injection temperature.
We can further optimize the system by increasing the flowrate until
pressure buildup at the injection reaches ~3 MPa. In Scenario C, we
optimize the system by using the re-optimized (increased) flowrate and
the minimum injection temperature. Hence, Scenario B considers TF
optimization based on injection temperature correction only, while
Scenario C considers re-optimized flowrate and the injection
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temperature adjustments.

For Scenario B, LCOH further increases by 2-3 times as trans-
missivity decreases for the Al Wajh Fm cases. However, assuming a
higher flowrate, LCOH does not increase for Scenario C as much as it
increases for Scenario B. Hence, to avoid TF initiation, injection tem-
perature and flowrate need to be re-optimized to improve the economic
feasibility of the system. Fig. 10 (Scenarios B and C) shows an increased
LCOH after 10-15 years of production for high transmissivity 200 mD of
the Al Wajh Fm in response to rapid thermal breakthrough and a
decrease in CoP due to high flowrate (i.e., 325 kg/s). The LCOH calcu-
lations terminated at 36 years because production temperatures drop-
ped below the minimum injection temperature. Thus, flowrate
optimization for high transmissivity hydrothermal doublet systems
should be constrained by both pressure build-up and thermal
breakthrough.

For the Umm Lujj case (Scenario C), we reduce the excess injection
temperature (52.50 °C) to match the minimum injection of 36 °C. When
the flowrate is re-optimized, it drops from 110 kg/s to 100 kg/s. How-
ever, a better LCOH (by 22%) is achieved when reducing the injection
temperature to its estimated minimum. Thus, it is crucial to evaluate the
minimum injection temperature and the associated optimal flowrate for
the hydrothermal system to avoid hydraulic fracturing of the injection
well.

With the limited data available at the time of this study, the
magnitude ofSpymax is highly uncertain. Within this normal faulting
environment,Symax Mmay range from close toSpmin (i.€.,Sv >Sumax ~Shmin)
to close toSy (i.e.,Sy ~SHmax >Shmin)- Thus, we conduct an uncertainty
analysis to understand its impact on LCOH. The results suggest that
whenSymax is close to theSymin (i-€.,SHmax = 1.1Shmin), there is a favor-
able decrease in the LCOH for the Al Wajh hydrothermal doublet system.
The decrease in LCOH is due to the reduction in the minimum injection
temperature from about 83 °C (Table 4) to 38 °C, which leads to a 38
$/MWh and 41 $/MWh decrease in LCOH for the 50 mD and 100 mD
permeability cases of Al Wajh, respectively. The Umm Lujj Member is
not considered in this lower-bound variation ofSyma.x, because it is
already at a suitable low minimum injection temperature (36 °C) for the
base-case value ofSymax. In the other extreme, however, whenSymax is
close toSy (i.e.,Sumax = 0.9Sy), the minimum injection temperatures
required to avoid hydraulic fracturing of the Al Wajh Fm and Umm Lujj
Member are very high (i.e.,125 °C and 83 °C, respectively). These values
are close to the initial temperatures of the reservoirs (153 °C and 98 °C,
respectively). This implies that the operations of the case-study hydro-
thermal doublet systems may not be feasible for such a high value
OfSHmax-

The simulation results indicate the importance of conducting a
detailed geomechanical study for the geothermal systems to robustly
constrain stress magnitudes, in particularSymax, to avoid hydraulic
fracturing and other production problems, and thereby incorrectly
estimating LCOH (Table 4, Fig. 10 — Scenarios B and C). In addition, it
would be important to couple geomechanical processes with fluid-rock
chemical interactions to calculate a minimum injection temperature
threshold to avoid scaling and mineral precipitation around the wellbore
region.

4.5. Sensitivity of the economic parameters on the LCOH

As illustrated in Section 3.3.2, we evaluate the sensitivity of the
economic parameters on the LCOH performance metric. The results are
shown in Fig. 11, where we vary the economic parameters in a fixed
range of +15% compared to the base-case reservoir (see Section 4.1)
and operational conditions (at constant 40 kg/s flowrate and 600 m well
spacing for a 50-mD permeability and 200-m thick reservoir). The pos-
itive sensitivity value (+a) seen for all the parameters (Fig. 11), except
capacity factor, shows that an increase in the economic parameters’
values will increase the LCOH and vice versa. The negative sensitivity
value (-a) seen for capacity indicate that an increase in the capacity
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Fig. 10. LCOH versus time semilog plot for the scenarios A through C and varying permeability and corresponding optimized flowrate for the Al Wajh (AW) Fm and
Umm Lujj (UL) Member hydrothermal doublet systems. LCOH for the 200-mD AW case in Scenario C stopped after 38 years due to fast thermal breakthrough.
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Fig. 11. Sensitivity of economic parameters on the LCOH (showing the most sensitive parameter (top) to the least sensitive parameter (bottom)). The positive (right-
hand) part signifies that an increase in the parameter values will increase LCOH. The negative (left-hand) part identifies parameters that, when being increased, will

result in a decrease in LCOH.

factor will decrease the LCOH and vice versa.

The sensitivity analysis (Fig. 11) shows that the capacity factor has
the highest impact on LCOH. A 15% change in value of capacity factor
will result toa = —21, which implies a slight increase in capacity factor
generally leads to a substantial reduction of the project’s LCOH. For the
parameters that show + a, a 15% change to the base-case cost of drilling
the two wells (@ >+ 7.5) and a 15% change in the fixed OpEx (a >+ 5)
are the parameters the LCOH is most sensitive to. The cost of exploration
is proportional to the cost of drilling the wells, which is expected to drive
the CapEx higher if there is an increase in drilling costs. They are fol-
lowed by the discount rate (a >+ 4). However, the sensitivity (in
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magnitude) of the capacity factor is about 4-5 times greater than these 3
parameters with positivea.

The time interval for pump exchange is more sensitive to LCOH than
the costs of the pumps. LCOH is not very sensitive to the change in
electricity price used for pumping (Fig. 11). This indicates that a slight
drop in CoP (due to higher pump power) will not significantly increase
LCOH. Of all the parameters considered, LCOH is least sensitive to the
change in pipeline length.

This initial economic sensitivity study is vital in determining factors
that influence the LCOH, assuming the selected economic parameter
values listed in Table 2 strongly differs from the economic conditions in
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Saudi Arabia.

Typical geothermal power plants have a capacity factor less than
100% due to system downtime for maintenance or due to seasonal de-
mand for heating and cooling buildings. However, higher capacity fac-
tors are seen for most industrial direct use where geothermal energy
could provide the baseload power. In Western Saudi Arabia, the likely
(impactful) direct use of geothermal energy is for district cooling and
geothermal-based water desalination. Due to the hot weather conditions
and scarcity of fresh water, these two direct applications of geothermal
energy could be operational throughout the entire year, and there is no
or minimal seasonal load factor reduction. Technical system mainte-
nance has little effect on capacity if there is demand for the generated
thermal power. Hence, capacity factor for geothermal systems could be
assumed to be high (above 90%) for the case study of the Al Wajh basin.
In this context, if the capacity factor increases from the base case value
of 80% to 95%, the LCOH (Table 4 — Scenario A) decreases from 439
$/MWh to 312 $/MWh (a 29% decrease) for the lowest transmissivity
case, and decreases from 29.7 $/MWh to 22.5 $/MWh (a 24% decrease)
for the highest transmissivity case. Hence increasing capacity factor is
immensely pertinent for improving performance and economic feasi-
bility of the hydrothermal doublet system.

McCabe et al. (2019) listed eight parameters, grouped into three
categories, which have the most significant impact on LCOH. The three
categories and eight parameters include 1. Geothermal reservoir system
- geothermal gradient, drilling capital cost (a function of reservoir depth
and technological advancement), well flow rate, reservoir lifetime; 2.
User application - surface equipment capital costs, reinjection temper-
ature, and equipment lifetime; and 3. Financing - discount rate. The
parameters reservoir lifetime and equipment lifetime can be referred to
as system lifetime. A sensitivity study (Reber, 2013) shows that the
geothermal gradient has the strongest impact on LCOH, but the
geothermal gradient is controlled by nature and cannot be modified by
technological advancements (McCabe et al., 2019). Aside from
geothermal gradient, the three parameters of high impact on LCOH are
drilling capital cost, well flowrate, and discount rate. Unlike geothermal
gradient, these three parameters can be modified through technology
improvements to reduce LCOH.

In Saudi Arabia, the cost of drilling and completing a well is rela-
tively high. It could range from an estimated $2.5-3.5 million per km,
depending on the type of well, scope, and location of the project. As
shown in our economic model, well drilling costs affect other costs such
as fixed OpEx (Eq. (9)) (Daniilidis et al., 2021) and cost of exploration
(Eq. (7)) (DOE, 2016; Beckers and McCabe, 2019). Thus, any slight in-
crease in drilling cost increases the overall LCOH. For example, from the
economic model (see Section 3.3.2), the costs of drilling the well doublet
for the 50-mD permeability cases of the (deep) Al Wajh Fm and the
(shallower) Umm Lujj Member are about $12.75 million per well and
$5.65 million per well, respectively. In other words, drilling costs may
range from 12% to 16% of the total expenses for the two projects. The
well drilling costs of four similar geothermal deep direct use projects in
the United States (U.S.), where drilling costs ranges from 13 to 17% of
the total project expenses (Beckers et al., 2021). Hence, a decrease in the
drilling costs reduces the overall LCOH.

The parameter well flowrate can be optimized to achieve the best
possible techno-economic performance for specific hydrothermal sys-
tems. A higher flowrate (under safe and controlled geomechanical
conditions) will increase extracted thermal energy, thereby significantly
reducing the LCOH. Proper reservoir design and management, coupled
with good reservoir transmissivity, will allow for high flowrate and
reduced project LCOH (Section 4.3 and Table 4).

Lastly, any reduction in discount rate decreases the LCOH. For
example, a 15% decrease in discount rate of the 50-mD permeability
cases of the (deep) Al Wajh Fm and the (shallower) Umm Lujj Member
hydrothermal systems will result in a 5% and 4.2% decrease in LCOH,
respectively. The discount rate can be reduced by de-risking the project,
such as resource exploration and shifting the project from private/local
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interest to a large-scale government, institutional, or community inter-
est (McCabe et al., 2019). Hence, this will lead to lower interest rates and
increase the pay-back time of the borrowed funds.

More power will be generated at a smaller cost when upscaling the
system by drilling more wells to extract more geothermal energy from
the hydrothermal system. We remark that investment and operational
costs decrease after successful drilling of the first set of well(s), due to
increased data, information and knowledge that help reduce un-
certainties and risks, and due to shared surface and drilling
infrastructures.

4.6. A comparison of our LCOH results with other reported LCOH values
of hydrothermal systems

A notable example of a hydrothermal doublet simulation is the
Geothermal Electricity Technology Evaluation Model (GETEM) con-
ducted using the GEOPHIRES v2.0 — a geothermal techno-economic
simulation tool (Beckers and McCabe, 2019). The GETEM (Example 1
in (Beckers and McCabe, 2019)) comprises a 200-m thick, 100-mD
permeability hydrothermal reservoir at 2000 m depth with average
reservoir temperature of 120 °C. A doublet well configuration, with
900-m well spacing and 50 kg/s water production flowrate, and 80 °C
injection temperature, is used. At a capacity (utilization) factor of 90%,
the average thermal power generated for direct-use heat by the GETEM
model is 7.2 MWy,. This value is similar to the average thermal power
generated by the Umm Lujj case study (Table 4), therefore, we compare
the GETEM’s model to the Umm Lujj case study. The LCOH for our case
study (using a capacity factor of 90%) is 39 $/MWh and 50 $/MWh,
respectively with and without TF consideration. These LCOH values are
comparable with the 32 $/MWh LCOH for the GETEM model, showing
that the LCOH for our two case-study hydrothermal reservoirs are
realistic.

Furthermore, we compare our LCOH for the considered hydrother-
mal doublet systems with actual and simulated LCOH for hydrothermal
systems in the U.S. and Europe (McCabe et al., 2019). The simulated
LCOH (including TF initiation modeling) for the 50-mD permeability
cases of the shallow Umm Lujj Member and the deep Al Wajh Formation,
of 49 $/MWh and 128 $/MWh, respectively, falls on the middle to
lower-end range of estimated LCOH for geothermal district heating
(GDH) systems in the U.S., estimated to 30-120 $/MWh (Thorsteinsson
and Tester, 2010), and in Europe (Ungemach, 2012; Dumas and
Angelino, 2015) (including France (Services and Ross Offshore, 2016),
Italy (GeoDH, 2015a), Poland (GeoDH, 2015b), Slovenia (Kralj, 2005;
GeoDH, 2015c¢), and Iceland (Petursson, 2015)), estimated to 21-85
$/MWh (Dumas and Angelino, 2015). These LCOH are comparable to
the simulated LCOH for our case-study hydrothermal doublet systems.

Given the assumptions in our study, these comparisons indicates that
the two hydrothermal systems (Al Wajh Fm and the Umm Lujj unit)
could be high-performing hydrothermal systems. Thus, we conclude that
the direct-use geothermal development in the Al Wajh basin (Western
Saudi Arabia) is feasible under optimized operational conditions within
the model’s uncertainty and natural variability ranges.

5. Conclusion

We present a coupled reservoir-wellbore flow and heat-transport
model, with the maximum permissible flowrate constrained to avoid
thermoelastic fracturing in the near-wellbore region. The model is used
to evaluate and optimize the techno-economic performances of generic
and site-specific (Al Wajh basin, Western Saudi Arabia) small-scale hy-
drothermal doublet systems for direct-use applications. We define the
following performance metrics: (i) average reservoir production tem-
perature and average thermal power, (ii) thermal breakthrough time
(reservoir heat depletion), (iii) Coefficient of Performance (CoP; ratio of
thermal power generated to pump power used), and (iv) Levelized Cost
of Heat (LCOH). Our sensitivity study examines how variations in key
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reservoir parameters impact these performance metrics, and provides a
quantitative tool to optimize design and operational parameters.
Our key findings include:

(1) The optimal well spacing with the highest techno-economic
performance can be determined for hydrothermal doublet sys-
tems using the performance metrics. The performance metrics
can also inform of the penalties incurred (in terms of lesser energy
recovery and higher LCOH values) and illustrate that undersized
well spacing is more costly as compared to oversized well
spacing.

The rate of change of the maximum CoP per kilometer (ACOPpax/
km) increases as the geothermal gradient increases. However,A
CoPpax/km decreases with depth (at a constant geothermal
gradient) due to increasing pump power. Our simulation results
show an asymptotic decrease in LCOH as geothermal gradient
and depth increase. Hence, as the hydrothermal system gets
hotter, development becomes cheaper (per MWh).

Optimized flowrate increases with transmissivity for both the
deeper but thinner Al Wajh Fm (permeability ranging from 10
mD to 200 mD) and the shallower but thicker 50-mD Umm Lujj
Member; this increases the average thermal power generated
whilst LCOH decreases. Correspondingly, CoP decreases with
increasing transmissivity and flowrate due to the higher required
pump power.

LCOH varies from 49 to 128 $/MWh (at a capacity factor of 80%)
for both the higher transmissivity 50-mD Umm Lujj Member and
the lower transmissivity 50-mD Al Wajh Fm. However, when
transmissivity for both hydrothermal systems are identical (equal
transmissivity of 2 x 107! m3 for 100-mD Al Wajh Fm and 50-
mD Umm Lujj Member), the deeper Al Wajh Fm achieves the
better overall performance.

Determining the minimum injection temperature is critical to
avoid thermoelastic fracturing (TF) in the injection well.
Geothermal studies rarely account for geomechanical implica-
tions when injecting cold fluids and associated risks for hydraulic
fracturing. This can lead to undesired production problems (e.g.,
injected fluids do not flow where expected). We further note that
increasing injection temperature (to avoid TF), leads to an in-
crease in LCOH. However, the flowrate should be optimized to
improve system economics and ensure accurate estimation of
optimal performance.

A 15% change in capacity factor, drilling cost and fixed OpEx
have the greatest impact on LCOH. A change in the pipeline
length to transport produced geofluids to the use area has the
least economic impact on the system.

The LCOH range derived for the hydrothermal doublet systems in
Al Wajh are comparable to those reported for existing hydro-
thermal systems in the U.S. and Europe. Hence, our techno-
economic results show that the geothermal energy extraction
from the proposed hydrothermal doublet system is feasible and
should be further explored. We propose that such systems can be
readily implemented in Red Sea sedimentary basins with deep
hydrothermal reservoirs for geothermal energy direct-use appli-
cations. In addition, the small-scale hydrothermal doublet sys-
tems considered in this study is scalable by increasing the
reservoir size and number of wells.

(2

—

@3

—

4

(5)

(6

7)

This study serves as a guide for identifying favourable reservoir
factors for selecting suitable hydrothermal reservoirs in sedimentary
rift-basin in Saudi Arabia and geologically similar regions of the world,
and optimizing their operational design and techno-economic
performances.
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