energies

Review

Research Progress on CO; as Geothermal Working Fluid:

A Review

Lianghan Cong !, Shuaiyi Lu !, Pan Jiang !, Tianqi Zheng !, Ziwang Yu 1'* and Xiaoshu Lii 23

check for
updates

Citation: Cong, L.; Lu, S.; Jiang, P;
Zheng, T.; Yu, Z.; Lii, X. Research
Progress on CO, as Geothermal
Working Fluid: A Review. Energies
2024, 17, 5415. https:/ /doi.org/
10.3390/en17215415

Academic Editor: Marcin Debowski

Received: 6 October 2024
Revised: 23 October 2024
Accepted: 25 October 2024
Published: 30 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Construction Engineering College, Jilin University, Changchun 130026, China;

conglh22@miails jlu.edu.cn (L.C.)

Department of Electrical Engineering and Energy Technology, University of Vaasa, P.O. Box 700,
FIN-65101 Vaasa, Finland

3 Department of Civil Engineering, Aalto University, P.O. Box 12100, FIN-02150 Espoo, Finland
Correspondence: yuziw@jlu.edu.cn

Abstract: With the continuous increase in global greenhouse gas emissions, the impacts of climate
change are becoming increasingly severe. In this context, geothermal energy has gained significant
attention due to its numerous advantages. Alongside advancements in CO, geological sequestration
technology, the use of CO, as a working fluid in geothermal systems has emerged as a key research
focus. Compared to traditional water-based working fluids, CO, possesses lower viscosity and higher
thermal expansivity, enhancing its mobility in geothermal reservoirs and enabling more efficient heat
transfer. Using CO, as a working fluid not only improves geothermal energy extraction efficiency
but also facilitates the long-term sequestration of CO, within reservoirs. This paper reviews recent
research progress on the use of CO; as a working fluid in Enhanced Geothermal Systems (EGS), with
a focus on its potential advantages in improving heat exchange efficiency and power generation
capacity. Additionally, the study evaluates the mineralization and sequestration effects of CO, in
reservoirs, as well as its impact on reservoir properties. Finally, the paper discusses the technological
developments and economic analyses of integrating CO, as a working fluid with other technologies.
By systematically reviewing the research on CO; in EGS, this study provides a theoretical foundation
for the future development of geothermal energy using CO, as a working fluid.

Keywords: enhanced geothermal system; CO, as a working fluid; CO, storage; CO,—enhanced
geothermal system; CO, plume geothermal

1. Introduction

As global greenhouse gas (GHG) emissions continue to rise, hitting an all-time high
in 2022, the impacts of climate change are intensifying. The world has already warmed
by 1.1-1.3 °C compared to pre-industrial levels, and climate change effects are escalating.
At the current pace, the remaining carbon budget for limiting warming to 1.5 °C will be
exhausted in the 2020s [1]. Therefore, urgent and rapid decarbonization measures are nec-
essary to achieve the climate goals set by the Paris Agreement. Large-scale decarbonization
can be achieved through carbon dioxide removal (CDR) methods or non-CDR methods.
CDR strategies focus on actively removing CO; from the atmosphere and safely storing it,
directly addressing the rising concentration of atmospheric CO, and mitigating climate
change. Key CDR methods include afforestation, direct air capture, and CO, geological
sequestration. While CDR approaches hold significant potential, they are not yet ready for
large-scale deployment [2].

Non-CDR strategies, such as wind, nuclear, and geothermal energy, aim to reduce
emissions or improve energy efficiency, indirectly lowering atmospheric GHG concen-
trations [3,4]. Emissions reduction can be achieved in two ways: (1) reducing emissions
from production activities or (2) controlling CO, emissions at the end of the process using
technologies known as end-of-pipe technologies [5]. The primary contributors to global
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CO, emissions are electricity and heat production, industry, and transportation [6,7]. These
sectors” emissions can be effectively controlled by implementing methods and policies
such as (1) improving energy efficiency and promoting conservation, (2) using public
transportation, and (3) generating energy from renewable sources like solar or geother-
mal [8]. Compared to other renewable energy sources, geothermal systems offer several
advantages for energy production, including (1) continuous electricity generation, (2) clean
and sustainable energy production, (3) reduced CO, emissions and other air and water
pollutants, and (4) low freshwater usage [9].

EGS involves a comprehensive system consisting of a working fluid and hot dry
rock (HDR), as illustrated in Figure 1. The concept of EGS is to extract heat from “tight”
rocks that have not been naturally fractured, where permeability is typically low. HDR
provides the thermal energy for the system but lacks natural permeability fractures. In
these cases, hydraulic fracturing or CO; can be used to create a heat exchange region
between the HDR and the working fluid [10,11]. This process may induce seismic activity
by exceeding critical fracture stress [12-14]. Geothermal power generation relies on the
extraction of thermal energy, and three main technologies are employed based on working
temperature: (1) flash steam, (2) dry steam, and (3) binary cycle. The first two technologies
are used for high-temperature geothermal resources, while the binary cycle is used for
lower temperatures [7]. Typically, water is used as the working fluid, pumped into hot rock
regions where heat exchange occurs [15-17].

Enhanced Geothermal System
(EGS)

- i Heat exchange

Usually 3-5
km depth

Figure 1. EGS work process.

In recent years, increasing attention has been directed toward using CO; as a working
fluid in EGS, replacing water [5,18-21]. CO, offers several advantages in EGS applications:
(1) CO; has lower viscosity, reducing energy losses during pumping and transmission in
geothermal reservoirs; (2) CO;’s greater thermal expansivity results in higher efficiency,
especially in lower-temperature geothermal wells, compared to traditional water-based
systems; (3) CO, can be sequestered in subsurface reservoirs, contributing to atmospheric
CO; reduction while also lowering water consumption; (4) CO, is a poor solvent for
minerals, thereby reducing the risk of mineral precipitation. The use of CO, as a working
fluid relies on advances in CO, geological sequestration technologies. CO, can be captured
from industrial sources or directly from the atmosphere and stored in deep geological
formations, such as depleted oil and gas reservoirs or deep saline aquifers, or even in the
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ocean. It is estimated that 90% of emissions from large CO, sources can be captured and
safely stored. The use of CCS technology could reduce CO; emissions by 19% by 2050 [22].

In EGS, the use of CO; as a working fluid primarily takes two forms: CO,-EGS and
CO; plume geothermal (CPG) systems. Figure 2 illustrates the working process of CPG.
CO,-EGS focuses on enhancing geothermal energy extraction through artificial methods
under various geological conditions while also achieving CO, sequestration [5,23-25]. In
contrast, CPG leverages natural CO; reservoirs in specific regions, emphasizing efficient
and environmentally low-impact geothermal energy development [26,27]. Previous re-
search has largely focused on the technological development of CO, as a working fluid,
with limited systematic overviews in this area. Therefore, this paper aims to review the
recent progress in CO; research, examining the advantages and characteristics of CO; as a
working fluid. By analyzing past and current studies, this paper assesses the feasibility of
CO; sequestration in geothermal reservoirs. Finally, we review the economic research on
using CO; as a working fluid in EGS.

Figure 2. CPG systems [28].

2. Study of the Effect of CO; on Heat Transfer Efficiency
2.1. Effect of CO;, on Heat Transfer Efficiency

CO, demonstrates significant differences in heat exchange efficiency compared to
water. First, CO, has higher compressibility and expansivity, particularly at lower tempera-
tures, which enhances its buoyancy effect during heat exchange and reduces the energy
required to maintain fluid circulation. The mass flow rate of CO; is much higher than
that of water, with an initial flow velocity approximately 3.7 times that of water, and its
flow rate decreases more slowly over time. This results in a heat recovery rate that is
about 50% higher for CO;, especially in low-temperature systems, where CO, can extract
energy more rapidly from geothermal systems. However, CO; has a lower specific heat
capacity than water, meaning a larger mass flow is required to transfer the same amount
of heat. Nevertheless, the lower viscosity of CO, enhances its flow capacity, making it
more effective at heat transfer under a given pressure gradient compared to water. In
high-temperature geothermal systems, CO, as a working fluid is usually under super-
critical conditions. Its expansive nature allows it to absorb heat more efficiently from
high-temperature heat sources. Therefore, CO, offers heat exchange advantages in both
high- and low-temperature geothermal systems and is suitable for more efficient thermal
energy recovery. Figure 3 illustrates the working process of CO, as a working fluid for heat
exchange and power generation [21,23,29-33].

Huang et al. conducted experimental and numerical simulations to verify the heat
transfer phenomena of supercritical CO, in geothermal reservoirs [34]. Their study iden-
tified optimal parameters for improving CO,-EGS efficiency by setting different system
pressures and mass flow rates. The results showed that CO, achieved the best heat transfer
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performance at 9 MPa and a flow rate of 0.00109 kg/s, but this seems a little unrealistic.
Zhang et al. used numerical simulations to investigate the performance of CO,-EGS and
Water-EGS under different reservoir depths, temperatures, and injection pressures [35].
Even minor variations in injection temperature and pressure can have a significant impact
on fluid flow within the reservoir. HyO-EGS systems exhibit relatively stable performance,
with minimal sensitivity to changes in injection parameters. However, CO,-EGS systems
are more affected by changes in injection temperature and pressure. Higher injection
temperatures and lower injection pressures lead to more significant declines in system
performance. Bongole et al. studied the differences in the response of injected fluids in
HO-EGS and CO,-EGS systems with multiple fractures [23]. The results indicated that
supercritical CO, exhibits clear advantages in both fluid mobility and thermal conduction,
leading to superior heat extraction performance in complex fracture networks compared to
H,O-EGS. In the early stage, this is primarily due to the higher flow velocity and pressure
of CO, within the fracture network, which tends to follow high-permeability fractures,
whereas heat breakthrough occurs earlier with water and its flow paths are more dis-
persed, resulting in lower heat recovery than CO,. As heat transfer proceeds, heat recovery
efficiency can be affected due to scCO;’s high mobility.

Liao et al. conducted numerical simulations on the heat exchange efficiency of different
working fluids in an EGS project located in Dikili, Turkey, using a three-dimensional
anisotropic continuum damage-permeability model based on a thermo-hydro-mechanical
coupling framework [36]. The results showed that CO, achieved higher final production
temperatures and lower driving pressures for heat extraction compared to water. Another
site-scale numerical simulation also demonstrated that CO, is more suitable as a working
fluid. Zhao et al. performed numerical simulations on a CO,-EGS in the Gonghe Basin,
northwestern China [37]. Using T2ZWELL (version 2) software combined with the “MINC”
(Multiple Interacting Continua) method, they simulated both wellbore and reservoir flows,
focusing on variations in production temperature, flow rate, and heat extraction rate. Over
a 30-year production period, the CO,-EGS maintained a high heat extraction rate with
lower external pumping costs.

Song et al. also conducted numerical simulations on the heat exchange efficiency of
CO, and water. In their study, the model’s geometry was subdivided using tetrahedral
elements to improve simulation accuracy, and the equations were solved using tools such as
Matlab and Ansys. This approach accounted for radial heat conduction, axial pressure con-
duction, and CO, compressibility, ultimately providing precise predictions of temperature
and pressure distributions [38]. Compared to HyO-EGS, the pressure drop in production
wells using CO, was significantly smaller, only 31-45% of that for water, meaning less
energy was required for fluid pumping, thus reducing energy consumption. Zhang et al. ex-
plored the heat extraction performance of supercritical CO; as a working fluid in EGS under
different geological conditions [39]. By establishing a series of three-dimensional coupled
THM models, the authors analyzed the effects of initial reservoir temperature, pressure,
porosity, permeability distribution, and in situ stress conditions on the two working fluids,
CO; and H;O. The study found that vertical permeability anisotropy had a more significant
impact on CO,-EGS than on H,O-EGS. Enhanced vertical permeability accelerates CO,
flow and shortens heat exchange time. In contrast, vertical permeability anisotropy had a
smaller impact on net energy output for HyO-EGS, where production temperatures were
more dependent on outlet temperature changes at the production well. Additionally, in
situ stress had a greater influence on H,O-EGS, as increased stress shortened breakthrough
times, accelerating cold front penetration and resulting in greater heat losses. Table 1 shows
the system conditions for heat transfer studies.
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Table 1. System conditions for heat transfer studies.

Reservoir Pressure Reservoir Temp Velocity or Mass Injection Pressure Injection Temp Researcher
Flow Rate
7.5 MPa; 9 MPa; 10 MPa; o 0.00082 kg/s; o
11 MPa; 12.5 MPa 200°¢C 0.00109 kg /s $¢C0;, condition - (341
- 145 °C; 185 °C; 225 °C - 8 MPa; 10 MPa 10 °C; 30 °C [35]
- 473 K (199.85 °C) - 17 MPa 333 K (59.85 °C) [23]
5 60 kg/s; 80 kg/s; _ B
- 170-190 °C 120 kg/s [36]
353.15 K (80 °C); 398.15 K
- (120 °C); 458.15 K - - 308.15K (35 °C) [38]
(180 °C)
35 MPa; 40 MPa; 45 MPa; 150 °C; 180 °C; 210 °C; o
50 MPa 240 °C 30L/s - 60 °C [39]

Electricity Generation
Turbine Generator

iy by

Caprock

Cold CO,

Figure 3. CO; as a working fluid for heat transfer and power generation [40].

2.2. Impact of CO, as a Working Fluid on Power Generation

In addition to directly affecting heat exchange efficiency, the pressure of CO, as a work-
ing fluid differs from that of H,O in pipelines and equipment. In EGS, the extracted thermal
energy is typically used for power generation [41], and improvements in heat exchange
efficiency can have a significant impact on power generation and efficiency optimization in
EGS [42-48]. Adams et al. developed four CPG models and two traditional saline geother-
mal systems to simulate power generation under different reservoir conditions. The model
parameters included reservoir depth (1 to 5 km), geothermal gradient (20-50 °C/km),
reservoir permeability (1015 to 10712 m?2), and wellbore diameter (0.14-0.41 m) [46]. Due
to CO;’s low kinematic viscosity, it performs better in shallower, cooler, and less permeable
formations, generating more electricity than saline systems. The study also confirmed that
using CO; as a secondary fluid in Organic Rankine Cycle (ORC) systems results in higher
heat transfer efficiency than the commonly used R245fa fluid.

Ezekiel et al. explored the effects of various operational parameters (such as maximum
flow rate, reservoir pressure drop, and wellbore diameter) and reservoir parameters (such as
permeability anisotropy and relative permeability curves) on CO, and water flow behavior
within wells and power output [42]. Higher flow rates initially produce more electricity, as
more CO; can be converted into electrical energy through turbines. However, excessively
high flow rates cause significant pressure and temperature drops in the wellbore, increasing
friction losses and leading to CO, vaporization or saturation pressure, which disrupts
production. Simulation results indicated that to achieve circulation in the production well,
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the minimum apparent CO,; velocity required is approximately 0.44-0.46 m/s for reservoir
depths greater than 1500 m and 0.46-0.70 m/s for depths between 800 m and 1500 m.

Despite the advantages of using CO, as a working fluid, there is ongoing debate about
whether it should be used exclusively. Garapati et al. compared the power generation of
direct CPG hybrid systems and indirect saline geothermal systems [49]. In indirect saline
systems, saline water serves as the primary heat source, transferring heat to secondary
working fluids (such as CO;) via heat exchangers before entering turbines for power
generation. Both systems showed about a 20% increase in power output compared to
standalone geothermal and auxiliary systems.

Fleming et al. used numerical simulations to examine the impact of water exsolu-
tion from saturated CO; solutions on power generation efficiency in CPG systems [15].
In geothermal reservoirs of varying depths (2.5 km to 5 km) and geothermal gradients
(20 °C/km to 50 °C/km), the exsolution of water from saturated CO, fluids increased the
fluid temperature, raising the wellhead temperature and boosting turbine output by an
average of 15-25%, with a maximum increase of 41%. Qiao et al. analyzed the use of
membrane-absorption separation technology to remove water from scCO,-H,O mixtures
to address potential issues like water hammer and corrosion in geothermal plume systems,
reducing overall system energy losses [16].

2.3. Deployment of Wells in CO,-EGS

Shi et al. studied the efficiency of multi-branch well designs in CO,-EGS [50]. Com-
pared to traditional double-well CO,-EGS, multi-branch wells exhibited superior heat
extraction performance. The multi-branch design increased the contact area with the
hot reservoir, improving fluid injection and production rates. Increasing the number of
branches and extending well length further enhanced system performance, showing that
optimizing design can prolong system life while maintaining high heat output. Although
wellbore diameter had little impact on performance, proper selection of injection flow rate
and production pressure was critical for stable heat extraction.

Norouzi et al. proposed using L-shaped wells for geothermal energy extraction and
conducted sensitivity analyses on parameter selection in numerical simulations [51]. The
analysis focused on factors such as grid resolution, well spacing optimization, channel
thickness and direction, and injection rates. First, grid resolution had the greatest impact on
pressure-related parameters, with coarser resolutions introducing larger errors, particularly
in pressure drops. Second, well spacing optimization significantly affected CPG system
performance, with adjustments improving energy extraction efficiency (CoP) and heat
propagation. Channel thickness and direction also influenced heat distribution and pressure
variations, with thicker channels generally enhancing system performance. Injection rates
and time spans impacted optimal well spacing; larger injection ranges and rates required
greater well spacing to maintain system efficiency. Appropriate well spacing maximized
average power output during basin lifetime. Closer well spacing increased peak power but
accelerated thermal depletion, while wider spacing preserved heat for longer but reduced
flow rates, lowering power output. The study also discussed the impact of changes in
injection or production well diameters on average power output, with results indicating
that increasing the diameter did not necessarily lead to higher power output [46].

2.4. Carbonic Acid Corrosion of Wellbore

In geothermal systems, CO, corrodes mainly through its reaction with water to form
carbonic acid (H,CO3), which triggers corrosion of pipes and cement. Carbonic acid reacts
with metals, leading to localized corrosion phenomena such as metal loss and pitting, and
corrosion is particularly exacerbated in high-temperature and high-pressure environments.
In the case of cement, CO; can react with the calcium compounds in it to form calcium
carbonate (CaCO3), which destroys the structural integrity of the cement and leads to a
loss of strength [52,53]. The acidic fluid formed by the mixing of CO, with water causes
the pH of the cement in the wellbore to rapidly change from alkaline (~10-11) to acidic
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(~4), and this pH change affects the cement-rock interface in the wellbore. Contact of the
cement with CO; brine also triggers dissolution and precipitation, leading to redistribution
of the material. These reaction products (e.g., carbonates) may migrate and re-precipitate
in defective areas, thereby reducing permeability at the interface [54]. As CO; and brine
flow through the cement—casing interface, the steel is more likely to react than the cement,
generating iron carbonate deposits, which can partially fill the interface and in some
instances even act as a self-seal, thus restricting further fluid flow [55]. Experimental results
by Carey et al. (2010) have shown that cement is carbonated to a limited depth (50-150 pm)
and does not undergo large-scale deterioration [55]. The main vulnerability of the wellbore
lies in the interfacial region and not in the complete degradation of the material itself.
The corrosion response of steel can be an important indicator for detecting CO, brine
flow, and changes at the interface affect the long-term stability of the wellbore. The risk of
corrosion is closely related to the concentration of CO,, temperature, pressure, and wellbore
design parameters. Corrosion may be initiated by the formation of a liquid phase, even if
the water content is small. In addition, the miscibility of CO, with water is enhanced at
high temperatures, which complicates corrosion control in the wellbore. Control of CO,
purity can address this critical issue [56]. Connell et al. investigated the integrity and
potential degradation of cement from storage wells when in contact with acidic formation
water [57]. Experimental results show that most of the CO, leakage pathways are located
at the interface between the cement and the formation or casing, rather than through the
cement itself. The degree of degradation of wellbore cement is influenced by a number of
factors, including the mineral composition of the cement and the concentration of calcium
ions in the formation water. If the concentration of calcium ions in the formation water
is high, the rate of dissolution of calcium ions slows down, thereby inhibiting further
degradation of the cement. Therefore, the interaction of CO; with wellbore cement depends
greatly on the geological environment and the properties of the cement material. Bai
et al. summarized corrosion-resistant cement and steel materials in detail [58]. To resist
corrosion in CO; injection wells, several types of cement materials are used, including
modified Portland cement, calcium phosphate cement (CPC), micro-fine cement, expanding
cement, and latex cement. Modified Portland cement reduces permeability by lowering the
water-to-cement ratio, while CPC does not react with CO,. Micro-fine cement fills small
cracks, expanding cement enhances bonding by filling gaps, and latex cement improves
elasticity and resistance to chemical attack [59-62]. Zhang et al. set experiments to test the
corrosion behavior between different steel materials [63]. The temperature ranged from
50 °C to 130 °C and the pressure ranged from 80 bar to 215 bar. Lab experiments have been
conducted to analyze the corrosion behavior of two low-alloyed steels (38Mn6/C75; X65),
one 13Cr-steel (X20Cr13), one austenitic-ferritic steel (Duplex), CrNi-steel (1.4462), and one
austenitic CrNi-steel (1.4539). The tests were conducted under supercritical CO, conditions
in the presence of water phase. As a conclusion, the use of 13Cr-steel can be recommended.

3. CO; Sequestered in Underground Reservoirs by EGS

Another advantage of using CO; as a working fluid in geothermal systems is its ability
to be sequestered in underground reservoirs [24,27,31,37,64-68]. One notable advantage of
CO; as a working fluid is that it acts as a poor solvent for minerals, reducing the risk of
mineral precipitation. However, in some saline aquifers, CO, reacts with brine, leading to
chemical interactions with reservoir minerals that can produce stable carbonate minerals.
In the study by Andrea Borgia et al. (2024), the injection of CO; gradually dried out the
brine, inducing salt precipitation. This effect is particularly pronounced in high-salinity
environments, where salt deposits can clog fractures within the reservoir, significantly
reducing fluid mobility. This clogging effect compromises the efficiency of heat extraction
and lowers thermal energy output [26].

Salt precipitation can occur not only within fractures but also near injection and
production wells, further reducing operational efficiency and potentially shortening well
lifespans. While numerical simulations suggest that under low-salinity conditions, the
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thermal production efficiency of CO, can increase by up to 360%, in high-salinity conditions,
CO; causes a decline in reservoir permeability. The extent to which chemical reactions
lead to reservoir blockage depends on the reservoir’s mineralogy, brine chemistry, and
CO;, injection rate, underscoring the importance of pre-injection numerical simulations.
Figure 4 depicts in detail a series of changes in a brine-containing reservoir when it comes
into contact with CO; [69].
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Figure 4. Schematic of a geological CO; storage site with zones formed around the injection well
(a) and potential reactions in these zones (b). A; to A4 represent zones formed in the reservoir rock.
A, or the near-wellbore zone, is fully occupied by dry supercritical CO,. Aj is a two-phase flow
zone and is surrounded by zones A, and A4 comprising water-bearing CO, and CO;-bearing brine,
respectively. Asj is the far-field or uninvaded zone. The caprock is divided into three zones: two-phase
CO; brine zones (dry CO; in C; and wet CO; in Cy) and a CO,-rich brine zone (C3). An overview of
the geochemical effects of CO, injection on hydromechanical properties of the reservoir and sealing
rocks and the associated key issues, including reservoir injectivity, deformation and integrity, caprock
integrity and sealing capacity, and induction of seismicity (c), from [69].

3.1. Effect of CO, on Reservoir Minerals

In the study by Na (2015), experimental and numerical simulation methods were used
to investigate the water-rock—CO; reaction mechanism in the Songliao Basin’s CO,-EGS
system [70]. Supercritical CO; promoted the dissolution of reservoir minerals, and the
Ca?* and Mg?* ions produced combined with CO; in the system to form stable carbonate
minerals. Due to the rapid reaction after CO; injection, fractures were quickly filled with
COy, limiting further water—rock reactions, and thus the reaction rate and mineral formation
were restricted. Therefore, while mineral precipitation may reduce local porosity, it does
not significantly block pipelines or hinder the long-term fluid flow.

Elidemir et al. conducted a chemical analysis of CO,—water—rock reactions in Turk-
ish geothermal reservoirs, and geochemical modeling was performed for different reser-
voirs [64]. Two primary carbonate mechanisms were identified: (1) carbonate precipitation
and (2) simultaneous carbonate precipitation and dissolution. In high-enthalpy geothermal
fields, carbonate precipitation is the dominant mechanism, while in lower-temperature
fields, carbonate precipitation and dissolution coexist. The dissolution process releases
additional cations that react with CO,. These varying mechanisms can affect the long-term
properties of reservoirs, especially since carbonate precipitation reduces reservoir porosity,
impacting fluid flow.

During thermal extraction, due to the viscosity differences between CO, and water,
high-gas-saturation preferential flow channels form in the fracture network, and the CO,
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mass stored is positively correlated with the injection rate [36]. Wu et al. simulated the two-
phase flow process in an EGS reservoir by alternating the injection of water and supercritical
CO; into granite, extending the water-CO,-rock interaction time [24]. This experimental
design provided insights into CO, flow in rock fractures under high-temperature and high-
pressure conditions, as well as mineral dissolution and precipitation processes, helping
assess CO, storage capacity and mineralization rates. Feldspar was found to be the first
mineral to dissolve, while carbonate minerals such as calcite and dolomite became the main
forms of carbon storage. The concentrations of cations (such as H*, Na*, and Ca®*) and
anions (such as CO32~ and HCO3 ™) in the solution were in charge balance, which could be
used to estimate the amount of dissolved CO, [66].

Li et al. conducted similar experiments, focusing on reservoir permeability and
emphasizing the importance of CO; injection rate [71]. The results indicated that with
increased injection cycles, minerals such as montmorillonite, calcite, illite, montmorillonite-
calcium silicate, and spherulite formed, promoting CO, mineralization storage but reducing
reservoir permeability. In the absence of proppant, the permeability decreased in three
stages: a rapid drop, a slow decline, another sharp drop, and then a slow decrease. When
proppants were used, permeability increased by two orders of magnitude. Thus, increasing
the non-contact area of the primary fractures and the flow rate of CO, can prevent large
decreases in permeability, enhancing heat extraction and CO, mineralization storage.

In CPG systems, capillary backflow plays a role in returning salts to dry areas, promot-
ing salt precipitation. As the CO; plume expands, backflow intensity gradually weakens,
leading to salt precipitation primarily near the injection well. Salt precipitation reduces
reservoir porosity and permeability, causing reservoir damage (especially near the injec-
tion well). This porosity reduction restricts fluid flow, increases system resistance, and
results in greater pressure drops. When CO, is injected into the reservoir, the formation
of dry-out zones accelerates water evaporation, further contributing to salt precipitation.
Capillary pressure drives salt deposition near the wellbore, increasing bottom hole pres-
sure (BHP) and necessitating greater pumping capacity, thereby raising operational costs.
Consequently, salt precipitation both affects the long-term performance of the reservoir
and increases energy and equipment demands [48].

3.2. Impact of CO; on Reservoir Properties

In CO, geological sequestration, higher reservoir permeability and lower caprock
permeability favor successful storage, and CO, injection affects the porosity and perme-
ability of the reservoir [14,22,72,73]. The injection of working fluids in EGS influences the
mechanical state of the reservoir, leading to deformation. In HyO-EGS systems, water
provides a good medium for ion exchange, and the rapid dissolution of rock and formation
of secondary minerals increases the risk of clogging transmission channels [41,68]. Us-
ing CO, as a working fluid largely avoids this risk but can still impact the properties of
reservoir rocks.

Bongole et al. found that HyO-EGS results in a larger reservoir deformation zone
compared to CO,-EGS [23]. Xiao et al. explored the dynamic evolution of reservoir porosity
and permeability using a coupled THM model based on the Discrete Fracture Network
(DEN) theory [74]. They conducted sensitivity analyses on different parameters (such as
injection pressure and temperature) and found that these parameters had a significant
effect on heat transfer within the reservoir. Additionally, the study validated the model
by comparing numerical simulations with analytical solutions, demonstrating the model’s
effectiveness. The study also suggested that scCO, can effectively extract heat in EGS,
supporting geothermal energy utilization and carbon emission reduction goals.

Reservoir changes are mainly driven by the combined effects of temperature, pressure,
and stress fields. Once a thermal reservoir forms, the injection of scCO, causes stress field
changes due to heat conduction and fluid flow, leading to thermal contraction of the rock
matrix, which impacts porosity and permeability. These changes increase fluid flow rates
and improve heat transfer efficiency. In low-temperature regions, the thermal contraction
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effect on the rock matrix is more pronounced, resulting in gradual increases in reservoir
porosity and permeability. Shu et al. studied the changes in pore structure and mechanical
properties of granite under different water-rock interaction conditions in the presence of
scCO; [75]. The results showed that scCO; led to hydrolysis reactions in granite, forming
carbonate minerals and altering the rock’s pore structure and mechanical properties. Specif-
ically, the specific surface area and pore volume of granite increased significantly, while
P-wave velocity and uniaxial compressive strength decreased, especially in the presence of
higher water content, where mechanical performance declined significantly.

3.3. Influence of Reservoir State on Geothermal Energy from CO, Extraction

The closure of a reservoir plays a significant role in the effectiveness of heat extraction
and CO, sequestration [76]. In open-boundary reservoirs, CO; and heat are able to diffuse
into the surrounding areas, allowing for a greater amount of CO, storage but resulting in
less recoverable heat. On the other hand, in closed-boundary reservoirs, where CO; cannot
diffuse due to boundary constraints, more heat can be recovered but the amount of CO,
stored is relatively lower. From an economic perspective, while closed systems generate
more revenue from electricity production, open systems yield higher overall profits due
to the additional benefits of CO, storage. Technically, open systems require more CO,
injection, and the reservoir lifespan tends to be longer. In contrast, closed systems focus
on heat recovery, providing higher heat flux density in a shorter time frame, though the
reservoir lifespan is reduced.

Geological heterogeneity significantly influences the coupled process of CO, storage
and geothermal energy extraction in inclined reservoirs [14]. Heterogeneity causes substan-
tial differences in reservoir porosity and permeability, leading to preferential flow pathways
that result in uneven CO; and heat transport. In areas with high-permeability channels,
CO; flows faster, potentially breaking through production wells early, which reduces the
time available for heat recovery from the reservoir. In inclined reservoirs, CO, migration is
notably affected by slope gradients, where steeper slopes may cause CO; to rise, reducing
effective storage space and impacting geothermal recovery efficiency.

Injecting low-salinity water or combining CO; and steam injections can reduce salt
precipitation and improve heat extraction efficiency. The initial temperature and pressure
of the geothermal reservoir are key factors, with higher temperatures leading to higher heat
extraction rates. However, excessive pressure may reduce efficiency. Reservoir porosity
and permeability are also critical: high porosity and permeability support fluid flow, but
high permeability can lead to early thermal breakthroughs, reducing heat extraction rates.
Additionally, the phase change of CO; (e.g., the Joule-Thomson effect) may cause sudden
temperature drops, affecting the efficiency of sustained heat extraction [43,74,77].

Yerima et al. used a combination of 3D seismic techniques, borehole analysis, and
numerical modeling to assess CO, storage capacity in reservoirs and their energy output
potential in CPG systems [65]. Reservoir porosity and permeability varied significantly
across different structural stages, with the dissolution and dolomitization of carbonate
rocks notably improving reservoir properties, enhancing gas storage and heat transfer
capabilities. CO, injection increased Ca?* concentrations in reservoir rocks, promoting
the dissolution of calcium carbonate, which further improved reservoir permeability. The
presence of caves and fractures in the reservoir aids CO, storage, though they also pose
risks of seal failure or heat loss. In EGS, shutting down wells between injection and recovery
cycles can increase CO, storage [66]. Although scenarios with maximum CO, injection
may not optimize geothermal energy production efficiency, the overall heat output remains
higher than the energy required for CO; injection and compression.

4. Economic Study of CO; as a Working Fluid

Economic viability and financial profitability are usually the first considerations for
investors when deciding whether to invest in resource development. For geothermal energy
(GE) systems, the situation is even more complex. Geothermal power plants typically
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require a longer payback period (about 5-7 years) and have higher initial investment
costs than other renewable energy plants [78]. In addition, the size and quality of the
geothermal resource often cannot be fully determined until drilling is completed. As a
result, investment in geothermal technology is relatively risky [79].

The economic viability of geothermal power plants is a critical step in advancing GE
systems. Since the heat flux from the earth’s crust to the GE system is relatively constant,
it can be used as a baseload power plant when the quality of the thermal resource is
appreciable [80]. However, the profitability of low-temperature geothermal power plants is
not always guaranteed due to the high drilling costs of geothermal wells [81].

For the economic assessment of geothermal power plants, several methods are com-
monly used. One is to calculate the costs of Enhanced Geothermal Systems, which are
mainly comprised of the following aspects [41,45,82,83]:

(1) Drilling costs;

(2) Geothermal reservoir development costs;
(3) Power plant construction costs;

(4) Operation and Maintenance (O&M) costs;
(5) Heat decline rate.

Another well-established method is the levelized cost of electricity (LCOE), which
is defined as the cost per unit of energy required to recover the capital investment over
the entire project lifecycle. The LCOE analysis not only includes the plant’s operation and
maintenance costs over its lifecycle but also takes into account a number of key factors [84]:

(1) Investment costs;
(2) Average rate of power production;
(3) Lifetime;
(4) Discount rate;
(5) Awvailability of the facility.
In addition to research on heat exchange efficiency, current studies primarily focus on
the synergistic benefits of geothermal systems with working fluids like CO,, particularly in
CO;, sequestration [16,40,47,50,85-92].

4.1. Reduced Costs Through Lower Energy Losses

Before using CO, as a working fluid for geothermal energy extraction, a stable CO,
source is required, most of which comes from capture equipment in industrial processes
such as power plants and cement factories. The purity of CO, varies depending on the
industrial process and capture method, and purifying CO, to remove impurities incurs ad-
ditional economic costs [93]. Therefore, using CO, with impurities as the working fluid can
significantly reduce the costs of EGS. Zhang et al. conducted a numerical simulation study
on using impure CO; as a working fluid in EGS [85]. Impure CO; has a strong buoyancy
effect, enabling higher self-driven flow rates and reducing the need for additional pumping
energy. However, increasing the impurity content in CO, lowers system efficiency. This is
because impure CO; has a lower specific heat capacity, leading to reduced heat transfer
efficiency and increased irreversible losses. Additionally, higher impurity levels raise the
critical pressure of the system, which increases operational pressure and, consequently, the
operation and maintenance costs of the equipment. Thus, whether impure CO; can be used
depends on specific site conditions and the potential cost savings.

In Liu’s research, N,O was used as a working fluid, showing better heat exchange
performance than CO, and H,O [29]. However, considering that N, O is not easily captured
and offers no synergistic benefits, this approach is not a practical option. Tagliaferri
et al. conducted an economic assessment of using scCO; as a working fluid in EGS [86].
The results showed that when mass flow rates are low, scCO,-EGS produces insufficient
power, leading to a LCOE of up to 900 euros per megawatt-hour, which is economically
unfeasible. For higher mass flow rates, the LCOE ranged between 118 and 220 euros
per megawatt-hour, still relatively high under current market conditions. Furthermore,
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scCO,-EGS technology is not yet fully mature, with an internal rate of return (IRR) lower
than the assumed discount rate and project payback periods exceeding 25 years, making
short-term economic viability difficult to achieve. Although CO, as a working fluid shows
good heat exchange efficiency in shallow geothermal areas, the method has not yet been
fully commercialized.

Fleming et al. proposed the concept of a CPG-F power plant [47]. Unlike traditional
CPG power plants, the CPG-F system uses two aquifers at different depths, with the
shallower aquifer temporarily storing CO,. The CPG-F system can generate power by
cycling heated CO,, while some or all of the CO, can be injected into the shallow aquifer
for storage and released for power generation during peak demand periods. In terms of
cost, the CPG-F system requires only a 3% increase in construction costs to achieve both
dispatchable power generation and energy storage, and its high-efficiency flow design may
result in higher initial investments. While CPG generation benefits from the synergistic
effect of CO, sequestration, not all geological conditions can minimize the costs of both CPG
power generation and CO; sequestration [94]. Some regions are suitable for economically
efficient CO, storage but are not ideal for CPG power generation due to the inability to
effectively extract heat from the stored CO,.

4.2. Optimize Design or Consider Co-Benefits to Reduce Costs

Qiao et al. designed a CPG power generation system that incorporates solar energy
as an auxiliary heat source and used a genetic algorithm (GA) to optimize the system’s
thermoeconomic performance. The optimization identified the optimal parameters, such
as the main compressor inlet pressure and bypass ratio [16]. This multi-objective opti-
mization approach improved system efficiency by 4% to 5% over conventional systems,
demonstrating the potential for multi-energy synergy.

Ezekiel et al. proposed a dual-use system for CO,, utilizing it as a working fluid to
enhance natural gas recovery while extracting geothermal energy from deep gas reser-
voirs [95]. This system effectively reduced costs and extended the lifespan of the gas field.
Simulations showed that with a CO, circulation rate of 110 kg/s, the system could generate
a net power output of 2 MW while achieving CO, geological sequestration.

Chen et al. explored how CO, could be used as a working fluid in closed oil reservoirs
for simultaneous geothermal energy extraction and CO, sequestration [96]. They proposed
a two-stage brine extraction and CO, circulation strategy using two separate wells: the first
stage extracts high-temperature brine from the reservoir, and the second stage extracts CO,
through another well. This approach avoids the complexity of separating brine and CO; at
the surface and helps mitigate reservoir pressure.

Liu et al. conducted a life cycle greenhouse gas emissions analysis for CPG system:s,
examining 12 scenarios that combined CPG with six CO, sources (e.g., BECCS, steel
production) and operated in two geological settings [89]. Their study indicated that
combining CPG with BECCS results in the highest greenhouse gas reduction, with life
cycle emissions ranging from —0.25 to —6.18 kg CO, equivalent per kWh across different
scenarios. Compared to other CO, sources (e.g., cement production, natural gas combined
cycle plants, or steel mills), BECCS had higher CO, capture potential and lower greenhouse
gas emissions.

Leveni et al. integrated technologies such as Direct Air Capture (DACC), Carbon
Geological Sequestration (CGS), and EGS into the DACCUS concept [90]. DACC uses
solid adsorbents or liquid solvents to capture CO; from the air, a process that requires
low-grade thermal energy for adsorbent regeneration. Geothermal energy can supply this
thermal energy and also produce electricity for DACC operations. The core of this system
lies in utilizing geothermal resources in sedimentary basins, such as deep saline aquifers,
combined with CO; geological storage to generate geothermal energy. A portion of the
stored CO; can be circulated underground for geothermal heat extraction. This approach
not only provides the necessary energy for the DACC process but also permanently stores
the captured CO,, achieving a negative emissions effect.
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Liu et al. investigated the feasibility of using CO; as a working fluid for geothermal

energy extraction and enhanced oil recovery. They employed numerical simulations to
model the system and evaluate its potential, as detailed in Figure 5 [91]. Ezekiel et al. simu-
lated subsurface wellbore fluid flow and heat transfer in a typical four-way closed anticlinal
Arabian oil reservoir and optimized system power output, including a comprehensive
economic analysis [82]. Their study revealed that increasing capacity factor and electricity
prices had a significant positive impact on net present value (NPV), while drilling costs had
the greatest negative impact on NPV for vertical wells. For horizontal wells, the levelized
cost of electricity (LCOE) was lower and within a reasonable range, but for vertical wells,
the LCOE was higher, leading to lower overall project profitability, with a negative NPV.

Cap layer

Dissolution Mineralization
trapping trap

Target reservoir Enhancing oil recovery

(not to scale)

Geothermal layer Geothermal energy transfer,

Figure 5. CO; as a working fluid for geothermal energy extraction with enhanced oil recovery [91].

5. Conclusions

@

@)

®)

Compared to traditional water-based systems, the application of CO, in EGS demon-
strates significant advantages. CO,’s low viscosity and high thermal expansivity allow
it to circulate within geothermal reservoirs with reduced energy loss. Particularly in
low-temperature geothermal conditions, the thermal expansion effect of CO; signif-
icantly enhances heat exchange efficiency, leading to improved heat recovery rates.
Additionally, CO,’s lower viscosity enables better flow through fracture networks,
reducing pumping energy consumption and extending the system’s lifespan.

After CO; is injected into the reservoir, the porosity and permeability of the reservoir
are significantly affected. The flow of CO, not only promotes the dissolution and
precipitation of minerals but also alters the mechanical properties of the reservoir.
Especially under high-temperature and high-pressure conditions, CO; reacts quickly
with minerals to form stable carbonate minerals, filling fractures and pores. Although
this reaction increases the CO; sequestration potential to some extent, it can also re-
duce permeability, hindering further fluid flow. The decline in permeability generally
exhibits a sharp decrease followed by gradual stabilization, but careful control of the
injection rate and reservoir design can mitigate this effect.

The porosity, permeability, mineral composition, and initial temperature—pressure
conditions of the reservoir directly influence the heat exchange efficiency of CO,. High
porosity and moderate permeability enhance CO, flow and heat transfer efficiency,
while geological heterogeneity and mineral reactions in the reservoir may cause
thermal breakthroughs or precipitation blockages, reducing system performance.
Whether the reservoir remains open also affects CO, heat exchange. Open-boundary
reservoirs allow CO, and heat to diffuse into surrounding areas, resulting in greater
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CO, storage but less recoverable heat. In contrast, closed-boundary reservoirs limit
CO, diffusion, enabling more heat recovery but less CO; storage. Economically, while
closed systems generate more revenue from electricity, open systems offer higher
overall profits due to the additional benefits from CO; storage.

(4) Despite the considerable potential of CO; as a working fluid in improving geothermal
energy extraction efficiency and achieving carbon sequestration, its commercialization
still faces significant economic challenges. The costs associated with CO, capture,
injection, and reservoir development are high, particularly for deep well drilling and
system maintenance, which often exceed initial expectations. Nevertheless, through
multi-objective optimization and design improvements, such as combining other
renewable energy sources (e.g., solar or wind) as auxiliary heat sources, the system’s
thermoeconomic performance can be enhanced. Future research could focus on the
CO; capture phase, where utilizing impure CO; to increase overall efficiency could
significantly reduce system costs.
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