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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis Geothermal energy has undoubtedly been considered a promising low-carbon resource in future energy supply
responding to the rising energy demand and severe climate concerns. CO3 has been demonstrated as a compa-
rable alternative for water in developing an Enhanced geothermal system (EGS), which simultaneously unlocks
the potential to sequester CO, against climate concerns. However, an earlier thermal breakthrough is always
observed owing to higher mobility in geothermal reservoirs for CO2-EGS, and an expensive cost of CO2 con-
sumption makes CO2-EGS challenging to achieve economic profitability. In this study, a novel CO,-water-EGS is
proposed to investigate the feasibility of solving the obstacles in conventional EGSs. An integrated analysis for
multiple EGS scenarios is carried out from both the technical and economic perspectives. The effects of a CO»-
water ratio, an injection rate and a flow scheme are comprehended. Followed by the determination of an optimal
operating strategy. In the results, by reasonably selecting a CO3 mass ratio and an injection rate, COz-water-EGS
can recover more geothermal energy and earn more profits than water-EGS and CO»-EGS. The injection rate
shows positive correlations to heat mining, carbon storage, and economic performance, while the impact of a
flow scheme is negligible when the total volume of injected fluids remains consistent. From the optimization
study, the COp-water-EGS with the 110 kg/s injection rate and 20%wt CO, ratio shows the highest Net Present
Value (NPV) of 42.4 M$. This study proposes theoretical guidance to operators in their decision-making pro-
cesses on the development of CO,-water-EGS.
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1. Introduction

In response to global warming and increasing energy demand,
renewable alternatives are sustainably necessitated for traditional fossil
fuels and can fulfill the energy demand and mitigate climate concerns
(Anderson and Rezaie, 2019; Yang et al., 2024). Geothermal energy is a
well-accepted subsurface renewable resource for providing an abundant
energy supply, which can be suitable for the supply of electric power and
direct energy harvesting (i.e., heating and cooling applications in
buildings). Currently, the power generation from geothermal energy has
played a significant role in some countries, for example, Kenya (44%),
Iceland (27%), EI Salvador (26%) and New Zealand (18%) of electricity

installed capacity (Kabeyi, 2019). In addition, benefiting from its
low-carbon intensity, geothermal energy is also acknowledged as one of
the most effective strategies to achieve the decarbonization goal. It has
been estimated that over one billion tons of carbon emissions can be
mitigated by 2050 through the development of geothermal energy
(Soltani et al., 2021).

There are several types of geothermal resources, such as hydrother-
mal, liquid/hot water dominated reservoirs, geo-pressurized geothermal
reservoirs, sedimentary basin geothermal resources and hot dry rock
(HDR) (Kabeyi, 2019). Among them, HDR shows the potential to convert
harvested heat to electricity (Lu, 2018), and an enhanced geothermal
system (EGS) is typically deployed to extract heat energy from HDR due
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to its low permeability and porosity (Aghahosseini and Breyer, 2020). In
an EGS development, different heat transmission fluids have been
studied and used. Water is widely adopted owing to its large heat ca-
pacity and thermal stability (Xue and Chen, 2023a). Existing works
showed that produced water can even reach a temperature of approxi-
mately 200 °C from a 218 °C HDR, which can be subsequently utilized as
the working fluid for a geothermal power plant (Lei et al., 2020).
Recently, the CO2-EGS has been suggested according to its joint benefits
from heat mining and carbon sequestration (Singh et al., 2023). In a
CO2-EGS, CO; is injected into the HDR in its supercritical phase to
extract heat after the construction of engineered fractures, such as hy-
draulic fracturing (Xue et al., 2023). Its large density and low viscosity
make supercritical COy (sCO3) 2 ~ 5 times more mobile than water
(Song et al., 2019; Yang et al., 2023). In addition, sCO3 can also be
considered a potential large-scale electricity storage battery due to its
extensive compressibility (Buscheck et al., 2016). Previous studies have
proven the feasibility of a CO5-EGS to provide a comparable heat mining
performance in contrast to water-EGS (Tagliaferri et al., 2022; Liao
et al., 2023). For example, Pruess (2006) indicated that, under the same
amount of pressure drop, the CO2-EGS can provide 4 times larger mass
flows compared to the water-EGS, resulting in 50% larger heat mining
rates. Furthermore, the extremely low solubility of minerals in sCO» can
prevent scaling and corrosion problems in wellbore tubing and pipes.

CO; demonstrates certain advantages in the extraction of an EGS due
to its higher mobility and injectivity (Sowizdzat et al., 2022). However,
its 40%-60% lower heat capacity than water on the mass basis makes
CO2-EGS require a greater mass outflux to extract the same amount of
energy of a water-EGS (Zhang et al., 2014). On the other end, a higher
mass flow rate means a higher resistance, which could degrade the heat
mining performance of a CO2-EGS. Importantly, the injected cold CO5 is
potentially considered a fast heat carrier in engineered high-conductive
zones. As such, a temperature drop and a thermal breakthrough are
unpreventably expected at an early stage, leading to a short project
lifetime (Pruess, 2008; Shi et al., 2019a,b). Although these problems can
be effectively resolved by decreasing the injection rate or pressure drop,
the corresponding loss in the heat extraction rate could cause an insuf-
ficient geothermal energy recovery. Another significant challenge of
COy-based geothermal operations is related to the geochemical re-
actions. The injected COs is likely to trigger chemical reactions with the
formation water and rock minerals (Xu et al., 2014, 2018). Although
some portion of CO5 can be fixed via geochemical mechanisms, the salt
precipitation products can induce damage to the reservoir and degra-
dation of heat mining rates (Isaka et al., 2019). Based on existing studies,
the salinity of formation water shows a dominant effect on heat mining
and CO; storage performance. Norouzi et al. (2021) implied that initial
brine salinity is proportional to salt precipitation effects, and the heat
extraction efficiency is inversely correlated to the salinity. On the other
hand, Stefan (Iglauer, 2017) illustrated that CO, storage capacity is
dramatically reduced with the brine salinity increases due to the
enhanced CO;-wettability. Therefore, it is recommended to utilize CO5
in an EGS which is with tiny or no amount of formation water at the
initial condition.

On the other hand, the geochemical reactions, such as salt precipi-
tation still cannot be fully ignored in a CO»-based EGS development
(Esteves et al., 2019; Cui et al., 2019). To avoid salt precipitation in a
geothermal reservoir under CO, utilization, pioneered investigations
proposed a simultaneous injection scheme of CO; plus water in
liquid-dominated geothermal reservoirs, such as CO5-plume geothermal
(CPG). Their results agreed that COy-water mixtures can effectively
prevent salt precipitation because the dissolved CO, in water can
minimize the water evaporation or salt precipitation (Zhang et al., 2016;
Cui et al., 2016; Kaya et al., 2018). Meanwhile, several studies have also
proven the heat transmission ability of COj-water mixtures. For
example, Cui et al. (2018) revealed that a co-injection of CO, and water
can improve the heat extraction rate of a CPG from 6 MW to 12 MW after
30 years of development compared to water. Salimi et al. (2012) also
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showed that an appropriate injected-CO; fraction can lead to up to 20%
(1273 TJ) geothermal energy recovery. From the perspective of geologic
CO,, storage, the mixed working fluids of water and CO5 also demon-
strated some advantages, for example, the combined CO2-water injec-
tion is possible to enhance residual trapping, and the leakage risk of CO,
through the caprock can be effectively decelerated under dissolved CO,
injection (Bryant et al., 2008). To the best of our knowledge, although
the feasibility of co-injecting CO5 and water has been established in a
CPG system, there is no thorough systemic assessment framework on the
applicability of CO,-water-EGS in terms of heat mining and carbon
sequestration. Besides, the techno-economic analysis incorporating the
carbon policy for COp-water-EGS is necessary, which has not been
well-established in pioneered studies. Importantly, there is no evidence
to comprehend the determination of an optimal injection strategy for the
operators.

In this research, we propose an integrated analysis from technical
and economic perspectives based on the reservoir simulator (CMG-
STARS) to investigate the feasibility of a COs-water-EGS involving the
performance of heat mining associated with geologic carbon storage.
The sensitivities of different operational parameters (i.e., the injection
rate, injected CO, mass concentration, and flow scheme) are studied and
an optimal operating scheme is determined. This study provides a
comprehensive understanding of CO2-water-EGSs at the system level by
evaluating the technical and economic performance of heat mining and
carbon storage, and hence practical guidance can be suggested for EGS
operators in their decision-making processes.

2. Methodology

In this study, numerical and economic models are constructed to
characterize the technical and economic feasibilities of the CO-water-
EGS. The effects of three sensitive parameters (i.e., the injection rate,
injected CO4 mass concentration, and flow scheme) on heat extraction,
carbon sequestration and economic performance are investigated.
Meanwhile, the performance of water-EGS, CO2-EGS and CO»-water-
EGS are comprehensively compared to determine their advantages and
limitations from both the engineering and economic perspectives. In
addition, different scenarios are developed in an optimization study to
explore better operational strategies for COy-water-EGS development.

2.1. Reservoir model

The numerical models in this study are created by using CMG STARS
software, which is a well-acceptable numerical simulator to solve a
nonlinear system for multi-dimensional fluid flow analysis and heat
transfers in multi-phase, multi-component fluids in porous and fractured
media (Asai et al., 2019).

2.1.1. Mathematical model

The following reasonable assumptions are made to simplify the nu-
merical models: (1) The chemical reactions in the reservoir are not
considered; (2) The mechanical effects are not considered; (3) The
aperture of the hydraulic fractures is assumed not to change during the
heat extraction; (4) Local thermal equilibrium is applied, and there is no
temperature difference between the fluid and rock in the same position.

The mathematical model mainly represents two physical processes,
including fluid flow and heat transfer. The following two sets of con-
servative equations are solved by CMG STRARS: mass balance of fluid
phase with Darcy’s flux law and thermal energy balance. The COy-water
mixture is considered as the working fluid in this study, which means it
is a multi-phase and multi-component fluid flow in the model. Besides,
water and CO; are also considered to develop the EGS separately in the
sensitivity analysis (water-EGS: CO» mass ratio = 0; CO2-EGS: CO5 mass
ratio = 1). The properties of water and CO;, are calculated based on the
CMG-Winprop module [39]. The mass conservation equation of the fluid
flow in the porous media based on Darcy’s law is written as Eq. (1) (Shi
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et al., 2018):
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Where ¢ is the reservoir porosity, Py (kg/mg) indicates the density of
working fluid and ¢ (s) is the time; k (mz) is the reservoir permeability; Hy
(Pa e s) is the viscosity of the working fluid; p (Pa) denotes the pressure;
psgVz represents the gravity term and z is the vertical direction; S (Pa™h)
is defined as the specific storage of the rock matrix; Qs means the mass
transfer between the rock matrix and fractures. Similarly, the fluid flow
in the fractures is formulated by the mass conservation equation and
Darcy’s Law, which is calculated by Eq. (2) (Shi et al., 2019a,b):
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Where d; (m) is the fracture aperture and Vr represents the gradient
operator restricted to the fracture’s tangential plane; ¢y is the fracture
porosity; ks (mz) and S¢ (Pa_l) represent the permeability and the spe-
cific storage of fracture respectively.

Thermal equilibrium transport is assumed between the solid and the
fluid in this study, which has been validated to be an adequate method to
predict the EGS performance. Therefore, the temperature of the solid
and the working fluid are equal at any point in space and time. The heat
transfer process in the porous media can be described by the energy
conservation equation Eq. 3 (Shi et al., 2018):
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Where T (K) is the temperature of the porous media; Cps (J/(kg @ K)) is
the specific heat of the working fluid; Qs is the heat transfer between
the porous media and fractures; (pCy), represents the effective volu-
metric capacity and A, (W/(m e K)) is the effective thermal conduc-
tivity, which can be expressed by volume averaging model to account for
both reservoir rock and working fluid properties (Egs. (4) and (5)
respectively) (Shi et al., 2019a,b):

(PCy) y = (1 = @)p,Cps + 90, Cpy @
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Where p, (kg/m®) denotes the density of the solid part in the reservoir;
Cps (J/(kg e K)) is the specific heat of the solid and A, (W/(m e K))
represents the thermal conductivity of the solid part. Similarly, the en-
ergy conservation equation in fracture within the porous media can be
expressed by Eq. (6) (Shi et al., 2018):

T
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Where the parameters « and uy in the Egs. (3) and (6) are the Darcy’s
velocity terms.

2.1.2. Numerical method

The base reservoir model is constructed based on our validated
Qiabugia EGS model in previous works (Xue et al., 2023a; 2023b; 2023c,
2024). Specifically, a dual permeability 2000 m (L) x 1000 m (W) x
3800 m (H) reservoir model with a total of 36,480 grid blocks is
involved. Based on the explored geothermal gradient, the highest
reservoir temperature of 236 °C was investigated at a depth of around
3700 m. Therefore, to extract geothermal power to the maximum extent,
the underground area of 3,600 ~ 3700 m is determined as the study area
with the consideration of the natural fractures according to the prop-
erties of this field (Lei et al., 2019; Zhang et al., 2019). The reservoir is
assumed to be saturated with pure water at the initial condition to
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eliminate pore water to prevent salt precipitation (Cui et al., 2018). The
key parameters in the base reservoir model are shown in Table 1. A
detailed description of this field can be found in previous studies (Zhang
etal., 2019; Lei et al., 2020). All boundaries of the reservoir are enclosed
with no fluid flow. The heat loss model is used to govern heat losses from
the top surface to the atmosphere at the top boundary. The initial
temperature and pressure at the top of the study area are 236 °C and 37
MPa respectively.

Three horizontal wells, including an injection well (GR1) and two
production wells (PR1 and PR2), are drilled at 3700 m underground
with a well spacing of 500 m and a horizontal section length of 500 m. In
terms of hydraulic fracture configuration, previous works have proven
that the engineered fractures with a half-length from 250 to 670m, a
height of 100m and a conductivity of 10mDm can be successfully con-
structed in Qiabugia granite formation by injecting different amounts of
slickwater (Lei et al., 2020). Thus, in this study, ten hydraulic fractures
with a fracture spacing of 50 m are set to connect the production and
injection wells with a half-length of 500 m, a height of 100m and a
conductivity of 10mDm. The grids of fracturing area are refined five
times in the horizontal directions and three times in the vertical di-
rections aimed for an accurate calculation. The water and CO, mixture is
utilized as the heat transmission fluid in this study. The 40 °C cold
stream with a CO, mass ratio of 25%wt and a water ratio of 75%wt is
injected into the reservoir. The injection rate is set to be 60 kg/s and the
production pressure is assumed to be at 35 MPa. The heat mining and
carbon storage performance are assessed after a twenty-year operating
cycle. A schematic diagram of a three-horizontal-wells-based CO2-w-
ater-EGS is shown in Fig. 1.

2.2. Investigated scenarios

In this study, the influences of the CO,-water ratio, injection rate and
flow scheme on heat extraction, carbon storage and economic perfor-
mance are investigated. The CO; concentration is selected from 0%wt to
100%wt, and the injection rate is set from 30 kg/s to 90 kg/s. Besides,
flow schemes are determined by variations in injection rates, which
linearly increase or decline over time at a constant rate. The total
amount of circulated working fluids is fixed among all scenarios. For
example, in the 10-step-up scenario, the injection rate starts from 78 kg/
s and gradually decreases by 4 kg/s every two years, and the injection
rate at year 20 eventually reaches 42 kg/s. The 5-step-down case rep-
resents the injection rate declines every 4 years. On the contrary, the 5-
step-up and 10-step-up cases mean the rate increases every 4 years and 2
years separately. The detailed information on scenario setting is shown
in Table 2.

2.3. Computational indicators

To assess the technical and economic feasibilities of the CO5-water-
EGS, different indicators are determined. In specific, the installed

Table 1
Parameter setting of the base reservoir model.
Parameter Value  Parameter Value
Depth 3700 Granite specific heat, J/ (kg o 980
°C)
Initial temperature, °C 236 Horizontal natural fracture 10
spacing, m
Initial pressure, MPa 37 Vertical natural fracture 10
spacing, m
Granite density, kg/m® 2623 Injection rate, kg/s 60
Porosity, % 2.49 Injection temperature, °C 40
Horizontal permeability, mD 0.26 Mass CO;, ratio of injected 25
mixture, %wt
Vertical permeability, mD 0.026 Production pressure, MPa 35
Granite heat conductivity, W/ 3.0 Operation cycle, year 20
(m e °C)
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Fig. 1. Schematic diagram of a CO,-water-EGS based on the numerical model.

geothermal electric power, CO, retention factor and cumulative stored
CO4 amount are calculated to study the engineering performance, and
the net present value is estimated to determine the economic
performance.

2.3.1. Technical indicators

The calculation measures are established from both the heat mining
and carbon storage perspectives. Specifically, the generated geothermal
electricity (E) is used to quantify the heat mining recovery (Eq. (7)). The
CO, retention factor (Rco,) and cumulative stored CO, amount
(Mitored_co,) are considered to evaluate the carbon sequestration per-
formance because these two factors are commonly used during the field
operation (Azzolina et al., 2015; Ma et al., 2022), which are expressed
by Egs. (8) and (9) (Ma et al., 2022a, 2022b; Yu et al., 2022), separately.

T
E= Z W;, L4 Hannual 09 (7)
t
W, =045eQe AH o (1—Ty/Towr)
where: { Hoyat — 365 © 24 .
Reo, = (MCOz.inj - MCOg,pmd) / Mco, inj (€))
Msmred-COz :MCOZ,inj - MCOZ prod (9)

Where Wf, (W) indicates the annual geothermal power capacity; the
capacity factor is assumed as 0.9; Q (kg/s) is a fluid production rate in
the whole system, AH (J/kg) is an enthalpy change between the injected
enthalpy and produced enthalpy; T (K) is the rejection temperature;
Tour (K) is the average temperature of the production wells; Mco, inj (kg)
and Mco,prod (kg) represent the total injected and produced CO,
respectively; T is the number of operation time periods.

2.3.2. Economic indicator

In addition to technical indicators for reservoir performance, the net
present value (NPV) is utilized to estimate the economic reaction by Eq.
(10), which contains the capital expenditure (CAPEX), operating
expenditure (OPEX), obtained geothermal energy revenue, earned car-
bon credit and revenue tax.

NPV = — CAPEX + Z:l (Renergy_revenue +Rcredit — OPEX — C/mv) / (1 + rd)t
(10)

Journal of Cleaner Production 448 (2024) 141749

Table 2
Parameter setting of various scenarios.
Investigated Scenario CO,-water Injection rate Flow
parameter mass ratio scheme
CO,-water ratio #1 0% CO, + 60 kg/s constant
100% water
#2 25% CO, + 60 kg/s constant
75% water
#3 50% CO4 + 60 kg/s constant
50% water
#4 75% COy + 60 kg/s constant
25% water
#5 100% CO» 60 kg/s constant
+ 0% water
Injection rate #6 25% CO2 + 30 kg/s constant
75% water
#7 25% CO4 + 45 kg/s constant
75% water
#8 25% CO4 + 60 kg/s constant
75% water
#9 25% CO, + 75 kg/s constant
75% water
#10 25% CO4 + 100 kg/s constant
75% water
Flow scheme #11 25% CO, + / 10 steps
75% water down
#12 25% CO4 + / 5 steps
75% water down
#13 25% COy + 60 kg/s constant
75% water
#14 25% CO3 + / 5 steps up
75% water
#15 25% CO, + / 10 steps up
75% water
Notes: 10 steps Initial rate: Growth: 4 kg/s Finial rate:
down: 78 kg/s; (every 2 year); 42 kg/s
5 steps Initial rate: Growth: 5 kg/s Finial rate:
down: 70 kg/s; (every 4 year); 50 kg/s
Constant: Initial rate: Growth: 0 kg/s; Finial rate:
60 kg/s; 60 kg/s
5 steps up: Initial rate: Growth: +5 kg/s  Final rate:
50 kg/s; (every 4 year); 70 kg/s
10 steps Initial rate: Growth: +4 kg/s  Final rate:
up: 42 kg/s; (every 2 year); 78 kg/s

CAPEX = Cyrface + Crilling + Cstimulation
*Csrface = 2000 o exp (—0.045 o (W, — 5))
*Critting = 600 @ H, + 1500 e Hp
+Cumutation = 0-3Carling
OPEX = Cosm + Cuuid_purchase
*Cogm = 20 ® exp( — 0.0025 o (W, — 5))

where:

Renergy_revenue =Ee electricity
Reredic = Qco, @ Pco,

Ciax = 0.15 o Crevenue

Where CAPEX includes the investments of surface facilities (Cyyrface)
and drilling (Cgring) and reservoir stimulation (Cgumuiaion) and OPEX
includes the operation and maintenance costs (Cog) and fluid purchase
costs (Cpuid_purchase)- In CAPEX, Cgqyface Of a geothermal project is the
functions of geothermal power capacity according to previous works
(Chamorro et al., 2012); The drilling expenses of a vertical well and a
horizontal well are assumed as $600/m and $1500/m respectively (Lei
et al., 2020); The investment in reservoir stimulation is estimated to be
30% of the drilling cost (Xie and Wang, 2022). In OPEX, Cogn can also
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be calculated based on geothermal power capacity (Chamorro et al.,
2012); The unit purchase costs of CO5 and water are set to be $30/ton
and $0.66/ton based on the published data on fluid price for related
projects (Jiang et al., 2019). For the energy revenue, the electricity retail
price (Pegecrriciey) is set to be 0.09$/kWh according to the reported data on
electricity selling price (Xu et al., 2022). Besides, the stored CO3 in the
industry or power generation can receive tax credit according to IRC
45Q, which is assumed as $45/ton in this study, where Qgo, is cumu-
latively stored CO2 and Pgo, indicates the carbon price for geological
sequestrated CO,. In addition, 15 % of the obtained revenue from EGS
development is determined as the total related tax and royalty payments
in this work, and a 10% annual discount rate (ry) is used to discount the
future cash flow into the present monetary value. The detailed param-
eter setting of the NPV model is shown in Table 3.

2.4. Optimization study

To determine the optimal working strategy, an optimization study is
conducted by using the CMG-CMOST module. Based on the created base
reservoir model, CMG-CMOST conducts a random selection of different
investigated parameters and then creates corresponding models. Each
operational configuration is adopted into a separate model and the re-
sults are further calculated. In this study, the objective is to maximize
the NPV function (Eq. (10)) by finding the optimal combination of two
operational factors, injection rate and COy-water ratio, which are also
defined as the decision variables. The operational constraints are that
the injection pressure should be lower than the minimum principal
stress to prevent slippage from occurring and a much lower injection
rate is not desirable since it cannot support promising geothermal en-
ergy recovery. Based on our investigation, the injection pressure in-
creases with the injection rate increases and the CO, mass ratio
decreases. When the CO5 mass ratio is assumed as 0%wt, the injection
pressure would be higher than the minimum principal stress if the in-
jection rate exceeds 110 kg/s. Therefore, the injection rate is stochas-
tically selected in a range from 20 kg/s to 110 kg/s. The CO; ratio
represents the concentration of CO, in the working fluid in the mass
basis wt%. For example, a 0.2 CO; ratio means that the CO2 mass con-
centration of injected fluid is 20%wt and the rest 80%wt is water. The
range of CO» ratio is set to be from 0%wt to 100%wt in this work. In
total, 625 simulations are performed associated with the corresponding
technical and economic indicators. The optimal strategies can be
therefore determined by conducting the scenario-based analysis.

3. Results

In the results of this study, the effect of the COy-water mass ratio in
the injection fluid is introduced, and the technical and economic per-
formance of COy-water-EGS is compared with water-EGS and CO3-EGS.
In addition, the results of the scenarios with various injection rates and
different flow schemes are demonstrated to explore their influences.
Consequently, the optimization result is illustrated to determine the
optimal operational strategy for the COs-water-EGS and to explore the
combined influence of the COp-water ratio and injection rate on heat
mining, carbon storage and economic performance.

Table 3

Parameter setting of the NPV model.
Parameter Value
Drilling cost of a vertical well ($/m) 600
Drilling cost of a horizontal well ($/m) 1500
Electricity retail price ($/kWh) 0.09
Water purchase cost ($/ton) 0.66
CO,, purchase cost ($/ton) 30
Carbon credit rate ($/ton) 45
Tax rate (%) 15
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3.1. Model validation

The field development of the Qiabuqia geothermal field has not
started and thus the real production data is not available currently.
Therefore, the numerical model in this study is validated by comparing
its results with that of Lei’s model which is a well-accepted Qiabugia
EGS model. By setting the parameters of our model to be the same as
those of Lei’s model, the results of production temperature and gener-
ated geothermal power are compared, which is shown in Figs. 2 and 3
respectively. From the results, the production temperature and
geothermal electricity between our model and their model are highly
consistent, where two stages (a stable stage and a declining stage) are
shown in both the production temperature and geothermal electricity
during an operating cycle, and the errors are all only about 2%. The
main reason for these errors is the differences in fracture properties
setting. In Lei et al.’s model, an average permeability of 100 mD was
substituted for the five hydraulic fractures, which was computed by the
permeability of the original granite and the hydraulic fractures. In our
model, five fractures are generated with the original reservoir perme-
ability unchanged, which can more accurately represent an under-
ground stimulated reservoir. Therefore, our model is reasonable for
predicting the development of the Qiabugia geothermal field.

3.2. Effects of COz-water ratio

In this section, the effects of the CO,-water ratio on heat extraction,
carbon sequestration and economic performance are investigated (sce-
narios #1 ~#5 in Table 2). Figs. 4 and 5 demonstrate the average pro-
duction temperature, installed geothermal power and generated
electricity under different COo-water ratios. From Fig. 4, a larger tem-
perature drop is observed in the scenario with a higher CO3 mass con-
centration in the working fluid. This is because the circulating fluid
flows at a larger speed in the reservoir when more CO; is injected and
the cold injection fluid connects to the production sides earlier. There-
fore, a larger CO, mass ratio in the injection fluid shows a shorter project
lifetime. Differently, the extracted geothermal electricity is not mono-
tonically changed with the COy-water ratio (Fig. 5), which is increased
with the CO, concentration from 0%wt to 25%wt and then decreased
with the CO, ratio from 25%wt to 100%wt. In these cases, the scenario
of 25%wt CO; contributes the highest geothermal electricity (1520.55
GWh), while the lowest (1041.80 GWh) can be observed in the case
when injecting 100%wt CO, (pure CO2-EGS). Although the cases with
lower CO, mass ratio can provide higher production temperatures, their
lower flow rates induce less hot working fluid being produced so that the
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Fig. 2. Model validation based on the production temperature.
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Fig. 4. Production temperature under various CO,-water ratios.

generated geothermal energy is lower. With the increment of CO mass
concentration, the resulting higher production rate contributes to more
produced geothermal energy. However, if the production rate exceeds a
certain value, the temperature drop and thermal breakthrough are more
likely to occur at an early stage, resulting in the temperature of the
produced fluid not stabilizing at a high level and not promising extracted
geothermal energy. This can also explain the results that a higher CO,
concentration tends to induce a more dramatic decrease in geothermal
power based on their profiles. Fig. 6 shows the effects of the COy-water
ratio on the CO5, retention factor and cumulative stored amount of COs,
and the results illustrate that a larger amount of CO; can be stored in the
reservoir under a higher concentration of COy while the relationship
between the CO, retention factor and CO5 concentration presents a
reverse trend. Although increased CO2 concentration can provide a
demonstrable growth in CO, storage capacity, its lower CO; retention
factor validates that a higher CO, ratio in the working fluid is un-
avoidable to induce a faster breakthrough time.

To determine the economic performance, the NPV profiles and
detailed economic results are presented in Fig. 7 and Table S1 respec-
tively. In all the NPV curves, the negative initial NPV is observed due to
the capital-intensive of an EGS project. The initial NPV is influenced by
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Fig. 6. CO, retention factor and cumulative stored CO, under various CO2-
water ratios.

the heat mining performance since a larger geothermal energy genera-
tion requires a higher investment in CAPEX, explaining that the 25%wt
CO4 shows the lowest initial NPV while the 100%wt COs is the highest.
With the profits from retailing geothermal electricity and earning car-
bon credit, the NPV increases gradually. However, the 100%wt CO,
shows a different trend, where its NPV starts to grow in the second year.
This is because its huge CO5 consumption makes its income cannot cover
the cost of CO, consumption before this period. Accordingly, it is hard to
pay back until the eighth year. In the 25%wt CO3 and 50%wt CO», faster
increase trends in NPV are investigated due to their higher geothermal
electricity generation and less COy consumption, resulting in paybacks
in the 4th year and the NPV of 31.5 M$ and 31.8 M$ respectively.
Compared to 50%wt COq, the 25%wt CO3 shows a higher growth rate in
NPV at the beginning of the operation but then illustrates a lower growth
rate. This is because the 25%wt CO, demonstrates a stable trend in
power generation while the 50%wt CO; illustrates a dramatic decline
trend at the beginning, but with the development, the power production
of the 25%wt CO4 shows a larger decline speed than that of the 50%wt
COq (Fig. 3). In the 75%wt CO», a payback period of 5 years is obtained
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because of more investment in purchasing COz and lower geothermal
electricity generation compared to the 25%wt CO3 and 50%wt CO2, and
a final NPV of 26.9 M#$ is obtained. It should be also noted that the case
of 0%wt CO, (water-EGS) demonstrates a higher NPV than the case of
100%wt CO2 (CO2-EGS) in the early period due to its lower cost in fluid
purchasing, but without a tax credit from carbon sequestration, its NPV
in the 20th year is lower than for CO2-EGS. Although the case of 100%wt
CO4 can build the highest CO; tax credit, its largest investment in fluid
consumption makes it not promising in economic benefits.

3.3. Effects of injection rate

In this section, the effects of injection rate on production tempera-
ture, heat extraction and carbon sequestration performance are shown
in Figs. 8-10 respectively (scenarios #6 ~#10 in Table 2). Based on
Fig. 8, a higher injection rate accounts for a lower production temper-
ature since the resulting higher flow rate makes the cold fluid flow to the
production wells faster and more temperature drop can be observed.
Therefore, the project lifetime decreases with the increment of injection
rate. It also explains better heat mining performance is obtained in
higher injection rate cases (Fig. 9). To be specific, the 90 kg/s injection
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Fig. 8. Production temperature under various injection rates.
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rate results in the highest geothermal electricity generation of 1988.12
GWh, while the 30 kg/s injection rate leads to the lowest electricity
production (891.24 GWh). Under consistent production pressure, the
heat production rate is proportional to the injection rate. As such, the 90
kg/s injection rate starts with the highest installed geothermal power in
the first year (13.1 MW) but that in the 30 kg/s is the lowest (4.3 MW).
However, the highest production rate in the scenario with a 90 kg/s
injection rate triggers the fastest temperature drop and thermal break-
through in the time horizon, and thus, the largest decline in generated
geothermal power is demonstrated. On the contrary, the 30 kg/s injec-
tion rate shows a more stable production profile. Fig. 10 illustrates that a
faster injection rate can bring a larger amount of cumulative stored CO2
but a smaller CO, retention factor, which also validates the break-
through is probably provoked at an earlier stage when the COj is
injected into the reservoir at a higher rate.

The economic performance of the EGSs under various injection rates
is presented in Fig. 11 and Table S2. As illustrated, the NPV of all the
scenarios presents a gradually increasing trend. Due to the highest
geothermal energy production, the largest CAPEX is required for the 90
kg/s injection rate and therefore the lowest NPV is observed in its initial
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Fig. 11. Net present value under various injection rates.

state. Reversely, the highest initial NPV is observed in the 30 kg/s in-
jection rate. Subsequently, with a higher annual income from retailed
geothermal electricity and received carbon credit, the cases with a larger
injection rate present a faster growth rate in the NPV, which causes the
same payback period of 4 years can be detected in these cases. Finally,
the 90 kg/s injection rate shows the highest NPV of 38.3 M$ at the end of
20-year operation but the 30 kg/s injection rate demonstrates the lowest
NPV of 20.5 M$. In short, a larger injection rate is preferred in devel-
oping an EGS because the injection rate shows positive relationships to
heat extraction, carbon storage and economic performance. However,
generated geothermal energy at a higher injection rate is hard to sta-
bilize at a promising level during the long-term EGS operation. There-
fore, a small injection rate is recommended for the operators driven by
long-term EGS power generation but a high injection rate can be utilized
if the project tends to extract the geothermal energy as much as possible
at a certain operation time.

3.4. Effects of flow scheme

In this section, different flow schemes are carried out to investigate
their influence on production temperature, heat mining, carbon storage
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Fig. 12. Production temperature under various flow schemes.

Journal of Cleaner Production 448 (2024) 141749

and economic performance (scenarios #11 ~#15 in Table 2). Fig. 12
illustrates that various flow schemes show similar production temper-
atures at the end of a 20-year operation when the same total amount of
circulated working fluids is utilized. The production temperatures in the
cases of 10 and 5 step-up show slow decreases at an early stage due to
their lower initial injection rates but then decline faster with the
increment of injection rate, while those in the cases of 10 and 5 step-
down demonstrate the opposite phenomenon. Therefore, in Fig. 13,
the highest initial injection rate makes the 10-step-down with the
highest geothermal power generation in the first year (11.5 MW) but a
dramatic decline in power production is observed due to its gradually
decreased injection rate until around 6 MW is obtained in the 20th year.
Similarly, the geothermal power generation of the 5-step-down de-
creases from 10.5 MW to 6.8 MW. Reversely, with a steady enhancement
in injection rate, the 5-step-up and 10-step-up all provide a moderately
increasing production profile, where the installed power enhances from
7.5 MW to 8.9 MW in the 5-step-up and from 6.2 MW to 9.7 MW in the
10-step-up. Although all the scenarios present different heat mining
performances during a 20-year operation, the highest cumulative
geothermal electricity generation of 1544.23 GWh is found in the 10-
step-down and the lowest is 1498.07 GWh in the 10-step-up, which is
only around a 3% variance, indicating little effect of flow schemes on
heat extraction consequences.

Fig. 14 shows the performance of carbon sequestration. Fig. 15 and
Table S3 present the economic consequences of various flow schemes. As
mentioned in the previous section, the stored amount of CO; is increased
with the injection rate. Therefore, from Fig. 14, the sequestrated CO5 of
10-step-down is higher than other cases at the early stage and then
shows a decreased increment until lower than other cases after the 14th
year. However, during a 20-year operation, all the scenarios demon-
strate similar results in CO;y retention factor and cumulative stored
amount of CO». Therefore, it can be concluded that the flow scheme has
little influence on carbon sequestration performance. In terms of eco-
nomic performance, results validate that the profits obtained from
various scenarios are similar (Fig. 12). Specifically, benefiting from
higher generated geothermal electricity and CO, storage amount, the
10-step-down and 5-step-down bring a faster increasing NPV in the
initial phase among all the cases. Whereas, a smaller NPV growth rate
can be investigated then due to gradually decreased geothermal energy
recovery and CO; sequestration capacity. In contrast, the 5-step-up and
10-step-up cases can provide a more stable growth rate in their NPV
curves because of their steadily increased revenue from heat mining and
carbon storage. Consequently, it can be concluded that various flow
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Fig. 13. Geothermal power and electricity generation under various
flow schemes.
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schemes show little effect on heat extraction performance, carbon
sequestered volume and NPV when the cumulative amount of injection
fluid is consistent.

3.5. Optimized injection strategy

In this section, the optimal configuration of injection rate and
injected COy mass ratio contributing to the highest NPV is presented,
which is shown in Fig. 16. From the results, the case that received the
highest NPV is under a 110 kg/s injection rate and a 20%wt CO2 mass
concentration in the injection fluid, where the project can earn 42.4 M$
after a 20-year operation. Comparatively, the CO2-EGS (100%wt CO3)
under a 110 kg/s injection rate shows the lowest NPV of 1.2 M$ due to
its huge investments in purchasing CO2. Meanwhile, the water-EGS (0%
wt CO3) under a 20 kg/s injection rate also performs not promising in
economics due to its undesirable heat mining performance and zero
carbon storage amount. However, due to no investment in purchasing
expensive COy, its NPV reaches 5 M$. In addition, it can be concluded
that the strategy of a lower injection rate and a lower CO; ratio and the
scheme with a higher injection rate and a higher CO; ratio are not
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recommended in developing an EGS due to their unsatisfactory NPV
results. In contrast, the case with a higher injection rate with a lower
COg ratio or the strategy of a lower injection rate with a higher CO, ratio
performs better in economics, which can provide the operators with a
valuable suggestion for developing different EGSs. Considering the field
constraint that the injection pressure should be lower than the minimum
principle stress, the injection rate should be customized for various EGSs
due to their different geological properties. Therefore, as the injection
rate is selected, the operators can further determine the injected CO;
mass concentration based on the results of this study.

4. Discussion

Water-EGS and CO,-EGS have been widely investigated in pioneer
studies, and their results have validated that these two conventional EGS
operations demonstrate some limitations from technical and economic
perspectives. Specifically, water-EGS illustrates the disability in
reducing additional carbon emissions and earning more profits by
achieving subsurface carbon storage. Due to the low heat capacity of
CO3, CO2-EGS shows the problem of an early thermal breakthrough
when a large production rate is achieved for desirable heat mining
performance. This study proposes a novel COy-water-EGS and analyzes
its technical and economic feasibility. The results indicate that by
selecting the appropriate COo-water ratio of injection fluid, CO,-water-
EGS can end up with a higher geothermal energy extraction than water-
EGS and CO»-EGS. Meanwhile, the economic performance of COs-water-
EGS outperforms either water-EGS or CO2-EGS. Although CO3-EGS
shows the best carbon storage performance, its earliest thermal break-
through and significant amount of CO5 consumption drive insufficient
power generation and expensive monetary expense on COy purchase.
Therefore, the proposed CO,-water-EGS can simultaneously unlock the
disability of water-EGS in storing CO3 in the reservoir and mitigate the
question of an early thermal breakthrough in CO,-EGS, but an optimal
COq-water ratio should be investigated in different EGS projects.

The application of CO,-water mixtures in heat extraction has been
studied but it was only studied in the CPG. For example, Salimi et al.
(2012) selected three injected CO5 mole fractions (2%, 3% and 7%) to
explore the heat mining and carbon storage performance of a CPG. Zhao
et al. (2023) studied the heat extraction rate of a CPG under the CO,
mass fraction of 32% ~ 85%. Cui et al. (2018) considered one CO5-water
ratio to study the production rate of a CPG. Although the feasibility of
COq-water mixtures in heat mining or carbon storage can be validated
by several selected CO» fractions, the influence of CO, concentration on
reservoir performance is incomprehensive. For instance, the results in
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Zhao’s study indicated that the heat transfer effect is decreased with the
CO, concentration increased from 32% ~ 85% (Zhao et al., 2023).
However, the effect of the CO, ratio beyond this range was not inves-
tigated. Instead, a CO2 mass fraction from 0%wt to 100%wt is selected in
our study and the results illustrate that heat mining performance is not
monotonically changed with the COy mass fraction in this range.
Importantly, an EGS highly differs from a CPG in technical and economic
performance. This study fills the gap in the application of COy-water
mixture in EGSs. The comparison among CO,-water-EGS, Water-EGS
and CO2-EGS provides solid evidence of the advantages of utilizing
CO»-water mixtures as a heat transmission fluid.

Given the profitability as the major obstacle for current EGS devel-
opment, a practical suggestion of the optimal COs-water ratio and in-
jection rate selections contributing to the maximum profit for the
operators in utilizing mixed COy-water fluid is still ambiguous according
to previous studies. In this study, an optimization study with the
consideration of various configurations of injection rate and CO, mass
ratio is conducted, and the results present that the schemes with an in-
jection rate of 110 kg/s and a CO, concentration of 20%wt can bring the
largest profit. The optimization results also provide valuable insight for
the operators in determining the injection strategy when developing
other EGS projects, where the injected CO, mass ratio is recommended
to be lower if a higher injection rate has been determined. Based on
current technology and policy, the expensive CO; purchasing price is the
major obstacle for an EGS under CO, utilization. With the possible
decreased CO, purchasing price due to the technology improvement and
the potential increment in carbon tax credit according to IRC 45Q, the
operators can then consider a higher injection rate and a higher CO,
concentration for an EGS project. Although this study provides a
comprehensive insight into the subsurface performance of an EGS
operation, it could be further improved by investigating the impact of
different reservoir properties on the technical and economical perfor-
mance of the CO-water-EGS.

5. Conclusions

In this study, the technical and economic feasibilities of a COp-water-
EGS are investigated. The effects of injection rate, COp-water ratio and
flow scheme are comprehensively analyzed from heat mining, carbon
storage and economics perspectives. Followed by an optimization pro-
cess based on 625 scenarios to determine the optimal injecting strategy.
This study provides a comprehensive insight into the subsurface per-
formance of an EGS operation and an informative decision-making
strategy for both operators and investors in determining the appro-
priate operational schemes. The main findings of this work can be
summarized as follows:

(1) The COz-water-EGS under a 25%wt CO4 mass ratio in the injec-
tion fluid demonstrates the best heat mining performance. In
contrast, the heat mining performance of the water-EGS (0%wt
injected CO4, ratio) is lower because of its lower production rate,
and that of the CO2-EGS (100%wt injected CO, ratio) is the
lowest due to the earliest thermal breakthrough.

Benefiting from the higher heat extraction rate, a higher injection
rate contributes to higher geothermal energy generation but
causes an earlier thermal breakthrough and further reduces the
lifetime of the project. When a consistent total amount of working
fluid is utilized, different flow schemes with variant injection
rates show little influence on heat extraction performance.

In the performance of carbon sequestration, more CO5 can be
stored in the reservoir when more amount of COs is injected.
Therefore, a higher CO5 mass concentration or a higher injection
rate contributes a larger amount of CO, subsurface storage and
the scenarios with the consistent total amount of working fluid
show similar carbon storage performance.

(2

—

3

10
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(4) The case with a 25%wt injected CO, mass ratio shows the highest
NPV due to the best heat mining performance. Although CO2-EGS
obtains the highest carbon credit, its worst heat mining perfor-
mance and largest CO, consumption induce an undesirable NPV.
A higher injection rate can bring a larger NPV owing to its better
heat mining and carbon storage performance.

In the optimization study, an optimal scenario is determined as
the configuration of 110 kg/s and 20%wt CO, and can bring the
highest NPV of 42.4 M$. To earn more profits, it is suggested that
a lower injected CO5 mass concentration should be considered
when a larger injection rate has been determined or a larger
injected CO2 mass ratio should be selected in case of a lower in-
jection rate.
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