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A B S T R A C T

Previously CO2, as a heat-extraction fluid, has been proposed as a superior substitute for brine in geothermal
energy extraction. Hence, the new concept of CO2-plume geothermal (CPG) is suggested to generate heat from
geothermal aquifers using CO2 as the working fluid. In January 2015, a CPG-thermosiphon system commenced
at the SECARB Cranfield Site, Mississippi. By utilizing CO2, the demand for the pumping power is greatly
reduced due to the thermosiphon effect at the production well. However, there are still parameters such
as aquifer thermal depletion, required high injection rates, and CO2-plume establishment time, that hinder
CPG from becoming viable. Moreover, the fluvial nature of sedimentary aquifers significantly affects the heat
and mass transfer inside the aquifer, as well as the system performance. In the present study, a direct-CO2
thermosiphon system is considered that produces electricity from a 3D braided-fluvial sedimentary aquifer by
providing an excess pressure at the surface that is used in the turbine. The system performance and net power
output are analysed in 15 3D fluvial heterogeneous – with channels’ widths of 50, 100, and 150 m – and three
homogeneous aquifer realizations with different CO2 injection rates. It is observed that the presence of fluvial
channels significantly increases the aquifer thermal depletion pace (22%–120%) and therefore, reduces the
system’s performance up to about 75%. Additionally, it is found that the CPG system with the CO2 injection
rate of 50 kg/s and the I-P line parallel to the channels provides the maximum cycle operation time (44
years), as well as the optimum performance for the heterogeneous cases of the present study by providing
about 0.06–0.12 TWh energy during the simulation time of 50 years. Also, to prevent rapid drops in excess
pressure, a system with a yearly adjustable injection rate is implemented, which prevents the production well
bottomhole temperature to fall below 80 ◦C.

1. Introduction

About 41% of global (25% of the UK) carbon dioxide (CO2) emis-
sions from fossil fuel combustion in 2017 are due to electricity and
heat production activities [1]. Now, more than ever, the importance of
reducing global CO2 emissions has become evident. Several measures
have been taken to tackle this problem, among which, CO2 capture and
storage (CCS) is the most considered and noted one [2–4]. Instead of
only storing CO2 in underground formations, CO2 can be circulated to
the surface and used in carbon capture utilization and storage (CCUS)
systems, such as enhanced oil recovery (EOR) [5–7], enhanced gas
recovery (EGR) [8,9], and heat extraction in enhanced geothermal
systems (EGS) [10–12].
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Recently, CO2 is suggested as a substitute for water for geother-
mal power generation in naturally permeable sedimentary formations,
known as CO2-plume geothermal (CPG) process [13], and in 2015, a
CPG-thermosiphon system started at the SECARB Cranfield Site, Mis-
sissippi [14]. In CPG power generation, CO2 is injected and produced
in the supercritical (sc) phase. During this cycle of geothermal power
generation, all of the produced CO2 is re-injected into the aquifer,
and eventually, all of the initially injected CO2 will be kept in the
underground aquifer.

Using CO2 features three main advantages, i.e., (i) self-sustaining
thermosiphon effect, (ii) lower frictional losses, and (iii) grid-scale
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electricity storage [15,16]. Unlike water, CO2’s density is highly temperature-
dependent. This results in a considerable drop in its density while it is
heated inside the aquifer, resulting in an upward flow from the density-
driven thermosiphon effect [17]. Additionally, CO2’s lower viscosity
results in lower frictional losses and pressure drop inside the aquifer.
Therefore, higher flowrates (with the same amount of pressure drop)
compared to water-based systems are possible. Moreover, because of
the CO2’s higher compressibility, it is possible to provide grid-scale
electricity storage [18].

Since the introduction of CPG, there have been some studies on
the performance and thermal potential assessment of CPG sites, as
well as studies on different aspects of the CPG systems. The most
recent of these studies are about minerals precipitation [19–21], wells’
spacing [15,22], well pattern and reservoir boundary condition [23],
surface power plant cycle [16,24,25], water and scCO2 saturation and
mass-fraction at the production well [26,27], CPG combination with
natural gas recovery [9], and CPG economic feasibility [24].

CPG typically is recommended for relatively shallow sedimentary
aquifers with depths of about 0.5 km to 3 km [17]. Compared to
fractured formations, sedimentary aquifers are naturally porous and
permeable and are abundant worldwide [28–30]. As noted by Bonté
et al. [31], there are many low-enthalpy geothermal aquifers available
with depths of 2–2.5 km and an average temperature of 70–90 ◦C. Het-
erogeneity is the nature of all geological aquifers, and in sedimentary
brine aquifers (that are used for CPG), these heterogeneities can be
of the fluvial type, i.e., braided, meandering, and anabranching [32].
Fluvial sandstones are common as reservoirs for both water and hydro-
carbon. Examples include the Triassic strata and significant parts of the
Permian section in Europe including the Triassic Sherwood Sandstone
of the Worcester Graben, Wessex, Cheshire and East Irish Sea Basins,
UK [33,34], the Triassic Bunter Sandstone of the UK and Dutch South-
ern North Sea, North German Basin [35,36], Permo-Triassic sandstone
reservoirs of the Junggar Basin China [37], Devonian sandstones at
Battery Point Quebec [38], and more [39].

Our previous study showed that the presence of fluvial channels in
the aquifer affects the heat and mass dispersion inside the aquifer and
therefore, significantly affects the performance and the energy output
of CPG [22]. However, despite the importance of geological uncertainty
in modelling such systems, there are few studies that considered re-
alistic three-dimensional (3D) models of heterogeneity [40–44]. Most
of these works focused on CCS and water-based systems, rather than
CPG. In our previous study [22], the performance of a CPG system
in a two-dimensional (2D) braided fluvial aquifer was investigated
through subsurface performance metrics. It was observed that the
injection-production wells parallel to fluvial channels direction and
with the spacing of about 450 m provides the best system performance.
Moreover, the presence of fluvial heterogeneity reduced the system net
power by a factor of 3. The study had some limitations. The model was
2D and could not capture the density-driven upstream flow of scCO2
inside the aquifer. Additionally, the performance of the system was
analysed based on subsurface metrics only and thermosiphon was not
considered.

In addition to heterogeneity, the aquifer thermal depletion and
variations of aquifer temperature during the CPG lifetime is also mostly
overlooked in studies in this field. Among the works that considered the
reservoir heat depletion [9,45,46], and [47] can be mentioned. Most
recently, Adams et al. [15] considered the reservoir thermal depletion
and suggested a system working with the optimal flowrate at each time
step. However, the issue with this approach is that, in practice, it is not
possible to instantly adjust the injection rate every time step. Also, due
to the large volume of the reservoir, the system has a response time
regarding the variations in flowrate.

Despite the importance of geological uncertainty and aquifer heat
depletion, there is no study on 3D heterogeneous aquifer, with a direct-
CO2 thermosiphon power generation cycle. Against this backdrop, we
focus on realistic 3D heterogeneity of aquifers and how they affect the

efficiency and performance of CPG, thermosiphon and power gener-
ation. A fully heterogeneous braided fluvial 3D aquifer is considered
for a direct-CO2 thermosiphon system. Various fluvial realizations are
created and the results are compared with their representative ho-
mogeneous cases. In addition to the aquifer and well modelling, a
direct-CO2 expansion turbine is considered at the surface power plant
for power generation. Also, effects of various parameters such as fluvial
channels’ width and orientation and CO2 injection rate are studied and
an optimum injection rate for heterogeneous and homogeneous cases is
suggested. Finally, a CPG system with an annually adjusting injection
rate is suggested to keep the produced excess pressure at the surface
(associated with thermosiphon) constant during the cycle lifetime.

2. Methods

To model the CPG system as realistically as possible, several aspects
of the CPG cycle should be considered, including modelling fluid flow
and heat transfer in the aquifer, fluid transfer from bottomhole condi-
tion to the surface, and energy production at the surface power plant.
Each of these is described in the following sections.

2.1. Aquifer and well modelling

A 3D rectangular Cartesian aquifer with the domain of 1000 m ×
1000 m × 100 m at the depth of 2000 m is modelled for 50 years
of heat extraction. The aquifer is initially uniformly discretized into
400 × 400 × 25 grid blocks and then upscaled to a model of 50 × 50 × 25
grid blocks to reduce the simulations’ time [22]. Grid resolution sen-
sitivity results are provided in Section 2.4. Based on the optimized
results provided in a previous study [22], a pair of vertical injection
(I) and production (P) wells with the spacing of 𝐿 = 500 m and the I-P
line parallel to the channels’ orientation is considered to provide the
highest performance. However, to further study the effect of the I-P
line and channels’ orientation, the performance of CPG systems with
the I-P line perpendicular to channels is compared with cases with the
I-P line perpendicular to channels in Section 3.1. The injection and the
production wells are perforated at the lower and the upper halves of
the aquifer, respectively.

The aquifer is designed based on the data from Warren et al. [48]
and previous publications, particularly [21–23,49], to represent a high-
salinity North Sea sandstone aquifer. Although salt precipitation, due to
water vapourisation in the dry-out region, and geochemical reactions
take place in the reservoir, it was previously shown that the main
reaction is salt precipitation, with effects limited to the close vicinity of
the injection well. Despite the increase in the pressure drop inside the
reservoir due to salt precipitation, its effects on the system’s thermal
performance are small [21–23,50]. However, to further investigate this
matter, a sensitivity analysis on the effects of geochemical reactions,
specifically salt, is provided in Appendix. Additionally, the effects of
the fluvial channels’ permeability and porosity, as well as the injection
well bottomhole temperature are studied in this section.

The aquifer is initially filled with brine with a salinity of 20%
by weight. The initial pressure equates to the hydrostatic elevation
potential at the aquifer depth which will be about 20 MPa at the
aquifer’s top. Also, the aquifer initial temperature is the product of the
temperature gradient (42.5 ◦C km−1) and the aquifer depth plus the am-
bient temperature (15 ◦C), which will be about 100 ◦C. Because of the
caprock and bedrock at the top and bottom of the aquifer, the vertical
boundaries of the aquifer are closed to flow. However, conductive heat
exchange happens at the boundaries. Pore volume modification is used
at the side boundaries to represent an aquifer with side boundaries open
to flow and heat transfer. The aquifer is modelled using two-phase flow
simulations of CO2 and brine with varying temperature and pressure,
and the Peng–Robinson [51] Equation of State is used to calculate the
thermodynamic properties of each phase. Detailed aquifer properties
are provided in Table 1.
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Table 1
Aquifer properties.

Property Value

Aquifer properties: constant

Aquifer domain 1000 m × 1000 m × 100 m
Depth 2000 m
Salinity 20 wt.-%
Initial temperature 100 ◦C
Initial top pressure 20 MPa
Channels’ width to thickness ratio (𝑤∕𝑇 ) 10
Channels’ porosity 0.25
Inter-channels’ porosity 0.15
Channels’ horizontal permeability 1000 mD
Inter-channel’s horizontal permeability 20 mD
Vertical to horizontal permeability ratio 0.1
Rock density 2650 kg/m3

Rock heat capacity 1987.5 kJ/m3/K
Rock thermal conductivity 2.1 W/m/K
Bottomhole injection temperature 40 ◦C
Wellbore diameter 0.31 m
Well pipe surface roughness 55 μm

Aquifer properties: varied

Injection rate (𝑚̇inj) 5, 10, 25, 50a, 100, and 200 kg/s
Fluvial channels’ width (𝑤) 50a, 100, and 150 m
Homogeneous average porosity (𝜙) 0.17a, 0.185, and 0.208
Homogeneous average permeability (𝑘avg) 225.5a, 336.5, and 568.4 mD
I-P wells’ orientation with respect to channels parallela and perpendicular

aIndicates the base case parameters.

The pressure drop for a steady and laminar flow inside the aquifer
can be calculated using Darcy’s equation [52]. The term inside the
bracket in Eq. (1) is the average specific inverse mobility (𝑀) that is
the product of the kinematic viscosity (𝜇∕𝜌) and the aquifer-dependent
properties (𝐿∕𝑘∕𝐴) and shows the aquifer’s resistance to flow. Since the
aquifer permeability is not constant, and scCO2’s density and viscosity
are temperature dependent, it is not possible to directly calculate 𝑀 ,
however, knowing the injection rate and the pressure drop from the
aquifer simulations, 𝑀 can be calculated. It is assumed that the fluvial
channels and heterogeneity reduce the aquifer mobility and therefore,
increase the required pumping power. This parameter will be used in
future sections to optimize the CO2 injection rate at each time step.

𝛥𝑃 =
[

𝜇𝐿
𝜌𝑘𝐴

]

𝑚̇ (1)

It is assumed that CO2 goes through isentropic (adiabatic and re-
versible) compression and expansion processes in the injection and
production wells, respectively [15]. To model the injection and the
production wells and to calculate CO2’s temperature and pressure at
the surface and bottomhole conditions, wells are divided into segments
of 50 m to reach an accuracy within 1% of the values found through
a fine-scale model. The injection temperature of CO2 (𝑇inj = 40 ◦C) is
calculated by isentropically compressing the injected saturated liquid
CO2 at 𝑇 = 22 ◦C and 𝑃 = 6 MPa at the surface to the supercritical phase
at the aquifer pressure. Similarly, at the production wells, knowing
the bottomhole temperature and pressure, the CO2 temperature and
pressure are calculated through numerical well modelling, considering
an isentropic expansion. A schematic of the modelled CPG aquifer is
illustrated in Fig. 1.

2.2. Sequestration stage vs. CPG lifetime

When CO2 is injected into the aquifer, it initially displaces brine,
a stage known as the CO2-Plume Establishment (PE) stage. Having a
sufficient amount of CO2 in the aquifer is crucial; otherwise, once the
production begins, water will emerge at the production well. At this
stage, the CO2 mass-fraction is too low and cannot be used in a turbine
for energy production. However, Ezekiel et al. [26] suggested that in
light of the CO2’s lower viscosity compared to brine, only when CO2 sat-
uration around the production well is higher than about 0.3, the influx

Fig. 1. Schematic of the direct-CPG cycle and surface power plant. The turbine’s
isentropic efficiency (𝜂T) is considered to be 78%.

of CO2 into the well is much higher than the water. Hence, to sustain
a desirable annular production flow regime (as suggested by Ezekiel
et al. [26]), a minimum CO2 mass-fraction of 80% is considered for the
onset of energy production and the CPG cycle [15,26,45]. In the present
work, the required time interval for this stage is called the sequestration
stage.

Furthermore, it is essential that the produced CO2 at the surface
(stage 4 in Fig. 1) is still at its supercritical condition; thus, a shutdown
trigger is considered at the production well that stops power production
when either the temperature or the pressure of the produced CO2
fall below its critical point of 30.3 ◦C and 7.38 MPa, which defines
the CPG lifetime. The span between the sequestration stage and CPG
lifetime is the cycle operation time. Finally, one of the major concerns in
CPG is the production temperature drop, which weakens thermosiphon,
reduces power production, and shortens the CPG lifetime. To non-
dimensionalize the production temperature and temperature decay, a
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Fig. 2. (a) Schematic of the problem and the aquifer (𝑤 = 50 m); and (b) heterogeneous cases with 15 different realizations, (left): 𝑤 = 50 m and 𝑘avg = 225.5 mD, middle: 𝑤 = 100
m and 𝑘avg = 336.5 mD, and right: 𝑤 = 150 m and 𝑘avg = 568.5 mD.

temperature fraction parameter (𝛤 ) is defined:

𝛤t =
𝑇t − 𝑇inj

𝑇0 − 𝑇inj
(2)

where 𝑇t is the production bottomhole temperature at time 𝑡, 𝑇0 is the
aquifer initial temperature (100 ◦C), and 𝑇inj is the scCO2 injection
temperature (40 ◦C).

2.3. Fluvial channels

There are different types of fluvial channels, including straight,
meandering (e.g., Cretaceous Nieuwerkerk Formation, West Nether-
lands Basin [53]), and braided (e.g., Bunter sandstone reservoir, UK;
Tarim basin, China; the Triassic St Bees Sandstone Formation, Cum-
bria, UK [54]; and Sherwood Sandstone Group of the Wessex Basin,
UK [34]). Generally, a single thread channel with a low degree of
sinuosity (<1.5) is called straight and with a higher degree of sinuosity
(>1.5) is called meandering [32]. Sinuosity is the ratio between the

curvilinear length and the straight line connecting the curve’s end-
points. The aquifer modelled in the present study has the subsurface
fluvial channels of braided type. Braided channels have low sinuosity
and consist of a network of channels with high porosity and perme-
ability that are mostly (>50%) separated by scattered low porosity and
permeability matrices [55,56]. The braided channels’ degree of hetero-
geneity is defined by their channels’ width and width-to-thickness ratio
(𝑤∕𝑇 ). Based on the review and the geological data provided by Gibling
[57], channels’ widths of 50, 100, and 150 m with the 𝑤∕𝑇 ratio of 10
are considered to generate the fluvial realizations in this study (Fig. 2a).

In total, 15 randomly-created 3D braided aquifers are generated
for this study (Fig. 2b). To generate these realizations, an in-house
code that works based on the Piece-wise Cubic Hermite Interpolating
Polynomials [58] is developed. To generate each 3D realization, at
first, five layers of randomly generated 2D braided channels with a
considered width, i.e., 𝑤 = 50, 100, and 150 m, are created. The process
of creating 2D channels is described in our previous studies [22,59].
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Fig. 3. Aquifer resolutions considered for the grid sensitivity analysis.

Fig. 4. Grid resolution sensitivity analysis: CPU time, production bottomhole
temperature, and injection bottomhole pressure versus aquifer resolution.

Then, using the 𝑤∕𝑇 ratio of 10, a thickness is assigned to all the chan-
nels. Next, these five braided realizations that now have a thickness,
are put on top of each other to form a 3D braided aquifer. Finally,
the initial fine-scale cases are upscaled to reach the final cases with
50 × 50 × 25 grid blocks, as shown in Fig. 2(b). To compare the
homogeneous versus heterogeneous aquifers, a homogeneous case is
created representing each channel width. For each homogeneous case,
the average porosity and permeability are calculated by averaging the
values of the volumetric-averaged porosity and permeability of the
related heterogeneous cases.

To study the effects of mesh resolution on the subsurface results and
find the optimum resolution both in terms of simulation runtime and re-
sults error, four resolutions, including 200 × 200 × 25, 100 × 100 × 25,
50 × 50 × 25, and 25 × 25 × 25 are considered, as in Fig. 3. The
overall simulation CPU time, as well as the production well bottomhole
temperature and the injection well bottomhole pressure, after 50 years
of injection, are used to study the resolution effect.

Fig. 4 illustrates the grid resolution sensitivity analysis results. The
simulations are performed on an HP ProLiant High Performance Server
with two E5-2690v3 processors. The simulation runtime is increased
with a logarithmic trend as the aquifer resolution is increased, while
the variations in bottomhole temperature and pressure are negligible
(less than 1 ◦C and 50 kPa). Therefore, considering both the runtime
and the upscaling error, the optimized grid resolution for the present
study is 50 × 50 × 25, which is similar to the results of the 2D model
in our previous study [22].

2.4. Surface power plant modelling and flowrate optimization

In the present study, CO2 is directly used as the working fluid of
the power cycle and is expanded through a turbine to produce power.
Therefore, a direct-CO2 thermosiphon CPG system, comprised of an
expansion turbine, a cooler/condenser heat exchanger, and a pump is
used to generate electricity from the medium-temperature aquifer of
the present study [9,17,60]. A schematic of this direct-CO2 power cycle
is shown in Fig. 5.

Fig. 5. Direct-CO2 thermosiphon system.

Saturated liquid CO2 with a temperature and pressure within the
ranges of 22–27 ◦C and 6.0–6.7 MPa, respectively, is injected into the
reservoir (Fig. 5, stage 1). Then the injected CO2, in an isentropic
process, self-compresses inside the injection well and becomes super-
critical as it reaches the aquifer condition at stage 2. As the scCO2 is
heated inside the aquifer from stage 2 to 3, its density considerably
decreases. For instance, CO2 density decreases from about 850 kg/m3 at
40 ◦C (bottomhole injection temperature) to about 450 kg/m3 at 100 ◦C
(aquifer temperature). The compression and the expansion inside the
wells are considered to be isentropic. As a result of the density gradient,
the pressure difference between the bottom and top of the production
well will be less than that of the injection well, i.e., |𝛥𝑃3,4| < |𝛥𝑃1,2|.
Hence, the aquifer bottomhole pressure itself is sufficient to produce
the scCO2 from the production well to the surface and no additional
pump is required, resulting in an excess pressure (𝑃excess = 𝑃4 − 𝑃1)
at the surface. 𝑃excess, which is the difference between the production
and injection wells’ head pressure, shows that the produced fluid has
higher exergy. The high-pressure sc/gaseous CO2 that is produced from
the aquifer is expanded in the turbine and using a generator, electric
power (MWe) is generated.

The gross turbine power (𝑃T) is calculated by multiplying the scCO2
mass flowrate by the fluid enthalpy difference between the inlet (stage
4) and the outlet (stage 5) of the turbine (𝛥ℎ). Eq. (3) is used to calcu-
late 𝑃T. Ideally, the expansion process inside the turbine is isentropic,
however, because of irreversibilities, an isentropic turbine efficiency
(𝜂T) of 78% is used to calculate the enthalpy at the turbine’s exit as
in Eq. (4).

𝑃T = 𝑋CO2
𝑚̇(ℎin − ℎout) (3)

ℎout = ℎin − [𝜂T(ℎin − ℎout,s)] (4)

In the above equations, 𝑋CO2
is the produced CO2 mass-fraction

in the gas phase and 𝑚̇ is the produced CO2 mass flowrate in kg/s.
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ℎin is the inlet enthalpy of the turbine (stage 4), which is a function
of the scCO2 temperature (𝑇prod,head) and pressure (𝑃prod,head) at the
production wellhead, and ℎout represents the exit enthalpy of the
turbine. ℎout,s is the enthalpy of the outlet CO2 considering an ideal
turbine (𝜂T = 100%) and is a function of the entropy of the inlet CO2
(𝑠in) and the condenser pressure (𝑃cond). 𝑃cond itself is a function of
the condenser outlet temperature (𝑇out,cond), which is considered to be
7 ◦C above the ambient temperature (𝑇ambient = 15 ◦C) [9,60]. Also,
it is considered that the mass vapour quality of the fluid leaving the
condenser is equal to zero (𝑄 = 0), i.e., CO2 is in the liquid phase.

ℎin, 𝑠in = 𝑓 (𝑃prod,head, 𝑇prod,head) (5a)

ℎout,s = 𝑓 (𝑃cond, 𝑠in) (5b)

𝑃cond = 𝑓 (𝑇out,cond, 𝑄) (5c)

To calculate the net power (𝑃net) of the direct-CO2 cycle, we should
subtract the parasitic condenser power (𝑃cond) and pump power (𝑃pump)
from the gross turbine power (𝑃T), as in Eq. (6).

𝑃net = 𝑃turbine − 𝑃cond − 𝑃pump (6)

In light of the thermosiphon effect, the required pumping power
for a direct CPG cycle is equal to zero (𝑃pump = 0) [9,60], which is the
main advantage of CPG compared to water-based systems. Electrical
submersible pumps in wells are very expensive, and also, are the most
common equipment to fail, increasing maintenance costs [61].

To calculate the parasitic condenser power (𝑃cond), Eq. (7) is used,
in which, ℎin,cond and ℎout,cond represent the fluid enthalpy at the
condenser inlet (stage 5) and exit (stage 6), respectively, and 𝜆 is the
parasitic load fraction, which is the ratio of parasitic energy load to
heat-rejection energy and is considered to be 0.03 [9].

𝑃cond = 𝑋CO2
𝑚̇(ℎin,cond − ℎout,cond)𝜆 (7)

One of the main issues in CPG systems is the temperature drop at
the production well. When the injected scCO2 thermal plume reaches
the production well, its temperature greatly decreases, and therefore,
weakens the thermosiphon at the production well. In addition, it is
important to limit the pressure drop at the turbine’s inlet during the
CPG lifetime. In this regard, a set of simulations are designed where the
aquifer parameters (i.e., the aquifer pressure drop and inverse mobility
𝑀), are recalculated every year and the CO2 injection rate is adjusted
in a way to keep the production temperature and the excess pressure
(𝑃excess) above a certain level at all times. To do so, first, we assume
a lower limit for the excess pressure, then at time step 𝑖, we have the
injection rate from time step 𝑖−1, so from Eq. (1) we can calculate the
inverse mobility 𝑀 . For time step 𝑖+ 1, the pressure drop is calculated
by having the value of 𝑀 , and knowing the updated pressure drop, the
injection rate is adjusted. This process repeats every year to adjust the
injection rate and prevent the bottomhole production temperature and
the 𝑃excess fall blow defined values of 80 ◦C and 3.5 MPa, respectively.

2.5. Simulations and the employed simulators

In total, 156 cases that include 18 different 3D aquifer realizations
(5 heterogeneous and 1 homogeneous realization for each channel
width) are simulated. For each realization, 6 different injection mass
flowrates (5, 10, 25, 50, 100, and 200 kg/s) and a case with a time
step-adjusted injection rate are considered. Additionally, 5 heteroge-
neous cases with the I-P line perpendicular to the channels’ orientation
are considered to study the effect of channels’ orientation. All the
simulations are carried out using the ECLIPSE E300 simulator [62],
and the governing equations are detailed in [49,62]. The simulator’s
capability of modelling geothermal processes have been validated pre-
viously against the benchmark geothermal examples from Stanford

University [63]. The authors proved that the simulator is suitable for
use in complex geothermal modelling problems. Simpler adaptations
of CPG have been implemented by other authors employing industry
standard simulators such as CMG [26,60]. Additionally, the well and
the direct-CO2 power plant models are developed in MATLAB, and the
CoolProp-MATLAB wrapper [64] is used for the iterative calculation of
the fluid thermodynamic properties at each stage.

3. Results and discussion

Results are presented in two sections. First, a detailed comparison of
the performance and the net power of the CPG system between the ho-
mogeneous and the heterogeneous fluvial cases is provided. To do the
comparison, parameters including the temperature fraction, production
wellhead temperature, the aquifer inverse mobility and production rate,
cycle excess pressure, and instantaneous and cumulative net power,
are studied in Section 3.1. Last, in Section 3.2, results of the cases
with constant target excess pressure are presented and the CPG system
potential is analysed and compared between the cases.

3.1. Effects of heterogeneity, injection rate, and channels’ orientation on
system performance

Fig. 6a and b show the temperature fraction and the wellhead
temperature, as well as the cycle sequestration stage, versus time for
the constant channels’ width of 50 m. One of the main problems
of CPG is the aquifer thermal depletion that weakens thermosiphon.
Fig. 6a shows the sequestration stage (the length of the PE stage, at
which the CO2 pore-space saturation reaches about 0.3 or mass-fraction
of about 80% around the production well). The scCO2 injection rate
significantly affects the required sequestration stage — from about
2 years to 37 years. Based on these results, CPG with a single pair
of wells and low injection rates (such as 5 and 10 kg/s in this study)
is not practical if used in brine-filled aquifers, because although the
temperature drop is very low, the required sequestration stage will
be more than 20 years, which is about 0.4 of the cycle’s expected
operation time (50 years). A solution to this issue can be using multiple
injection and production wells in a pattern that they supplement each
other’s CO2-plume to provide the minimum required mass-fraction at
the production well. For higher injection rates, the sequestration stage
is about 9, 5.5, 3, and 2 years for injection rates of 25, 50, 100, and
200 kg/s, respectively.

In Fig. 6b, the values of the production wellhead temperature are
reported. It is observed that the temperature achieved at the surface
– for the power plant use – has much lower values compared to
the downhole ones. This is because CO2 goes through an isentropic
expansion in the production well that can reduce its temperature from
about 100 ◦C to about 63 ◦C. The time at which either the temper-
ature or the pressure of the produced CO2 at the surface falls below
the critical values of 30.3 ◦C and 7.38 MPa is the CPG lifetime. In
contrast with the sequestration stage, as the injection rate increases,
the aquifer thermal depletion occurs at a faster pace, and therefore,
the CPG lifetime decreases on average about 17 and 38 years for the
100 kg/s and 200 kg/s injection rate cases, respectively (Fig. 6b). As a
result, finding an injection rate that observes the balance between the
sequestration stage and CPG lifetime is vital.

The presence of fluvial channels increases the slope of the curve for
aquifer thermal depletion compared to homogeneous cases since the
scCO2 thermal plume reaches the production well faster (Fig. 6a and
b). For instance, from Fig. 6c and d, for 𝑚̇inj = 50 kg∕s and 𝑤 = 50 m,
the amount of reduction in 𝛤 (𝛥𝛤 ) versus time increases from about
0.3 to 0.6. However, heterogeneity slightly affects the sequestration
stage by about 1 to 6 years, depending on the injection rate. There
are two observations when the channels’ width increases from 50 m
to 150 m. Firstly, the higher the channels’ width is, the lower the
difference between homogeneous and heterogeneous cases is. In other
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Fig. 6. Production well temperature fraction (𝛤 ) and production wellhead temperature versus flowrate for constant channels’ width 𝑤 = 50 m (a & b), and versus channels’ width
for constant injection rate 𝑚̇inj = 50 kg∕s (c & d). These plots also indicate the sequestration time and CPG lifetime, as well as the aquifer thermal depletion for different cases.

words, the heterogeneous case becomes similar to its representative
homogeneous case. Secondly, the temperature drop is less in aquifers
with higher channels’ width (higher average porosity and permeability)
compared to lower 𝑤 case. For instance, for the injection rate of
50 kg/s, the temperature drop over 50 years for the cases with 𝑤 =
100 m and 𝑤 = 150 m is about 18% and 53% lower compared to
the 𝑤 = 50 m case, respectively. This is because as 𝑤 increases, not
only does the average pore volume (flow cross-section area) increase
but also channels’ vertical connection increases, and the permeability
in the 𝑦−direction (𝑘y) is improved. Therefore, for a constant mass
flowrate, the CO2 flooding front moves slower horizontally, and the
upward movement of scCO2 due to the buoyancy effect becomes easier
and the CO2 travel in upper levels of the aquifer intensifies. As a
result, scCO2 vertical flow increases despite the uniform and piston-like
movement in lower channels’ widths (Fig. 7), and the scCO2 thermal
plume reaches the production well at a later time compared to lower 𝑤
cases; subsequently, thermal depletion decreases.

Fig. 8 shows the values of scCO2 production rate and inverse mobil-
ity (𝑀), calculated every time step. From Fig. 8a and c, it is observed
that heterogeneity has a negligible effect on the CO2 production rate.
Also, the CO2 production rates are slightly lower than their injection
rates. This indicates there are some CO2 loss in the reservoir, and that
not all the injected CO2 reaches the production well. This loss is more
sensible for lower injection rates and impairs the CPG performance
by reducing the production mass flowrate. While the effect of hetero-
geneity on the production rate is negligible, heterogeneity increases
the aquifer pressure drop in heterogeneous cases. It results in higher
inverse mobility (𝑀) values compared to their homogeneous cases by
about 1.2, 1.5, and 1.7 times for cases with 𝑤 = 150, 100, and 50 m,
respectively (Fig. 8d). The value of 𝑀 (which is essentially the aquifer
impedance), becomes relatively constant after about 5 years for high
injection rates (100 and 200 kg/s) and after about 10 years for lower
injection rates (Fig. 8b). Also, 𝑀 is considerably higher for a brine-
geothermal system, and therefore, the thermosiphon performance of

CO2 is significantly higher than that of brine, especially in shallow
aquifers [17].

Fig. 9a shows the values of the CPG cycle excess pressure (𝑃excess)
for different injection rates. Ideally, when thermal depletion happens
at a very slow pace, such as in the cases with 5 kg/s and 10 kg/s
flowrates, the maximum 𝑃excess (about 5.4 MPa) is achieved at the
surface power plant. However, as observed from the results of the
temperature fracture (Fig. 6a), the aquifer gradually thermally depletes
as CO2 is injected. By decrease in the downhole temperature of the pro-
duction well, the CO2 density gradient between the two wells decreases
and consequently, the thermosiphon is weakened. For high injection
rates, 𝑃excess decreases faster and therefore, the CPG lifetime will be
shorter. For the homogeneous cases that represent the aquifer with
𝑤 = 50 m (𝑘avg = 225.5 mD), the CPG power plant operation time (the
span between the sequestration stage and CPG lifetime) is about 19, 31,
40, 44, 34, and 11 years for the injection rates of 5, 10, 25, 50, 100,
and 200 kg/s, respectively. Therefore, it is observed that the case with
an injection rate of 50 kg/s provides the highest CPG operation time.

Although heterogeneity slightly affects the CPG lifetime, it has a
significant impact on 𝑃excess (Fig. 9b). In an aquifer with the presence
of fluvial channels, the average value of 𝑃excess that thermosiphon
provides is about 34%, 20%, and 5% lower for cases with 𝑤 = 50 m,
100 m, and 150 m, respectively, compared with their representative
homogeneous cases.

The instantaneous net electric power generation values, from the
sequestration stage to the CPG lifetime, are found for each aquifer
realization (Fig. 2) and are displayed in Fig. 10(a) with fixed chan-
nels’ width (𝑤 = 50 m), and in Fig. 10(b) with fixed injection rate
(𝑚̇inj = 50 kg∕s). During the initial years of injection, the net power
is ascending. This is because, at the initial stage, the scCO2 production
rate is increasing, the inverse mobility 𝑀 is decreasing, and the thermal
plume has not yet reached production well. Therefore, a maximum
point happens after the PE stage, resulted from the interactions between
the aquifer mobility and temperature drop at the production well.
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Fig. 7. Temperature and gas saturation distribution at different time-steps for homogeneous cases, representing (a) 𝑤 = 50 m and (b) 𝑤 = 150 m, and injection rate of 𝑚̇inj = 50 kg∕s.
As 𝑘avg increases, 𝑘y increases as well; and CO2 disperses more vertically and reaches the production well in a later time.

Fig. 8. CO2 production rate and the aquifer impedance (inverse mobility) versus flowrate for constant channels’ width 𝑤 = 50 m (a & b), and versus channels’ width for constant
injection rate 𝑚̇inj = 50 kg∕s (c & d).

After this point, when the CO2 thermal plume reaches the production
well, aquifer thermal depletion occurs and the temperature fraction (𝛤 )
decreases, resulting in a decrease in net power. As the injection rate is
increased, contrary to the CPG cycle lifetime, the maximum value of
net power increases. For the homogeneous case with 𝑚̇inj = 200 kg∕s,
the maximum net power is about 1.34 MWe. Nevertheless, this value

decreases to about 0.82 MWe for the representative heterogeneous
case. Again, it is observed that fluvial heterogeneity, especially with
lower channels’ width (50 m), significantly decreases the instantaneous
net power. Therefore, considering a homogeneous aquifer for CPG
representation can overestimate the net power output to about 3 times
the actual heterogeneous reservoir.
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Fig. 9. CPG cycle excess pressure for (a) different flowrates and constant channels’ width 𝑤 = 50 m, and (b) for different channels’ width and constant injection rate 𝑚̇inj = 50 kg∕s.

Fig. 10. Instantaneous net power for (a) different flowrates and constant channels’ width 𝑤 = 50 m, and (b) for different channels’ width and constant injection rate 𝑚̇inj = 50 kg∕s.
𝑃net,avg shows the average produced net power over 50 years.

The CPG system’s cumulative net power over 50 years, from the
sequestration stage to the CPG lifetime, is illustrated in Fig. 11(a). Since
we observed that the injection rate has a significant effect on both the
sequestration stage and the CPG lifetime, it is vital to find an optimum

injection rate that observes a balance between these two periods and
provides the highest output power. It was concluded in the previous
sections that the injection rate of 50 kg/s provides the longest CPG
cycle operation time (44 years), over the 50 years of injection. From
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Fig. 11. Cumulative power over 50 years for different channels’ width and heterogeneity cases.

Fig. 11(a), the optimum injection rate for the homogeneous cases of
the present paper is about 100 kg/s and for the heterogeneous cases
is about 50 kg/s. Heterogeneous cases have a lower optimum injection
rate because thermal depletion and temperature drop happen faster in
these cases. Additionally, heterogeneity has reduced the CPG system
cumulative power over 50 years by about 75%, 61%, and 41% for 𝑤 =
50, 100, and 150 m, respectively, for the 100 kg/s cases. Meanwhile,
for lower injection rates (𝑚̇inj < 10 kg∕s) heterogeneity has a negligible
effect on the cumulative net power and therefore, can be overlooked.
The grey area in Fig. 11, shows the region where the optimum injection
rate happens.

It is expected that the I-P line orientation with respect to the
channels’ orientation affects the pressure drop, CO2 and temperature
distribution in the aquifer. Therefore the overall CPG performance
is affected. We previously studied doublet well patterns and it was
observed that the I-P line parallel to channels provides the highest
performance [22,59]. In the present study, effects of I-P line orientation
in heterogeneous cases with a single injection-production well pair are
analysed. Fig. 11(b) shows the overall CPG performance for aquifers
without channels, with I-P line parallel to channels, and with I-P line
perpendicular to channels’ orientation. In cases with parallel I-P line,
the thermal plume extension toward the production well is almost the
same as the perpendicular cases. However, the CO2 thermal plume
mostly expands in the direction of channels and therefore, it sooner
reaches the production well. Thus, thermal depletion happens faster
in parallel cases (Fig. 12). Similarly for the CO2 saturation in parallel
cases – in a similar time-frame with the perpendicular ones – the CO2
saturation near the production well is much higher. In contrast, in the
perpendicular cases, channels misdirect CO2 propagation and prevent it
from reaching the production well. This results in considerably shorter
sequestration times and more importantly, higher CO2 production rates
for parallel cases. Resulting from a combination of factors such as
faster thermal depletion, lower sequestration time, higher CO2 satu-
rations and flowrates, and lower pressure drop, it is observed that
the cases with I-P line parallel to the channels’ orientation provide a
higher cumulative power generation by about 10% compared to the
perpendicular cases (Fig. 11(b)).

3.2. Adjusting flowrate and constant excess pressure

As observed in Section 3.1, due to the aquifer thermal depletion,
the CPG performance is dropped and at some point (when either the
CO2 temperature or pressure falls below the critical values) the system
is stopped to prevent possible damage to the turbine. Therefore, it
is important to constantly have a supercritical fluid at the turbine’s
inlet. As a result, a lower bound for 𝑃excess (3.5 MPa) is defined,
and by adjusting the system flowrate, we keep the system above the
operational limit. Initially, CO2 is injected at the rate of 50 kg/s, and
when the PE stage has passed, the flowrate is updated on a yearly
basis. The optimum flowrate is a result of the balance between the
𝑃excess, aquifer pressure loss, and temperature drop. The injection and
the production rates for the homogeneous cases are shown in Fig. 13.
At some point, to observe the 𝑃excess ≥ 3.5 MPa condition, the injection
rate moves toward zero, which defines the power cycle lifetime. The
CPG operation time is about 45, 34, and 23 years for the homogeneous
cases of 𝑘avg = 225.5, 336.5, and 568.5 mD, respectively.

Fig. 14 shows the production well bottomhole temperature, well-
head temperature, excess pressure, and the cumulative power over
50 years, for the cases with adjusting CO2 injection rate. The adjusting
injection rate almost obeys the lower bound that is considered for
𝑃excess (3.5 MPa), and it is observed that for only a few time steps,
𝑃excess falls below the limit. This is because the injection rate is updated
yearly and that the system has a response time, meaning that it takes
some time for the updated injection rate to have its impact on the
production well temperature. The considered bound for 𝑃excess also
results in lower bounds for the well bottomhole temperature (80 ◦C)
and for the wellhead temperature (42.5 ◦C) as well. This means that
we can rely on the CPG system to produce scCO2 with the minimum
surface temperature of 42.5 ◦C and the pressure of at least 9.5 MPa
(𝑃1 + 𝑃excess from Fig. 5) during the CPG lifetime.

From Fig. 14a, b, and c, the CPG system in a heterogeneous aquifer
has a shorter response time and is controlled better. However, from
Fig. 14d, we see that the cumulative electric power is about 70%, 50%,
and 18% lower for the heterogeneous cases of 𝑤 = 50, 100, and 150 m,
compared to their representative homogeneous cases.
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Fig. 12. Temperature and CO2 saturation distribution at the mid-surface of the reservoir (2050 m) for the parallel and perpendicular heterogeneous cases with channels’ width of
𝑤 = 50 m after 25 years of injection.

Fig. 13. Optimized CO2 injection rate and the resulted production rate for the homogeneous cases of (a) 𝑘avg = 225.5 mD or 𝑤 = 50 m, (b) 𝑘avg = 336.5 mD or 𝑤 = 100 m, and
(c) 𝑘avg = 568.5 mD or 𝑤 = 150 m.
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Fig. 14. Optimized CO2 injection rate results: (a) production well bottomhole temperature, (b) production wellhead temperature, (c) CPG cycle excess pressure, and (d) cumulative
power over 50 years for different channels’ width and heterogeneity cases.

4. Conclusions and remarks

Performance and electric power generation and limits of a direct-
CO2 thermosiphon system combined with a CO2 expansion turbine
cycle in both homogeneous and 3D fluvial braided heterogeneous
aquifers, with different channels’ widths, are studied in this paper.

The key findings can be summarized as below:

• The CO2 injection rate considerably affects the required seques-
tration stage for CO2 to reach a minimum pore-space saturation of
about 0.3. As a result, flowrates such as 5 and 10 kg/s that have a
very long CO2-plume establishment stage (about 20 to 35 years)
are not applicable for a single pair of wells.

• The aquifer thermal depletion and the production temperature
drop are two of the main problems affecting the thermosiphon.
Additionally, fluvial heterogeneity deteriorates thermal depletion
by a value between 22% and 120%, depending on the channels’
width.

• Since the produced CO2 is directly used in an expansion turbine, it
is important that CO2 is produced at its supercritical phase in the
production well. The time that CO2 falls below the supercritical
condition defines the cycle lifetime. Higher injection rates have a
shorter cycle lifetime due to their faster aquifer thermal depletion
(as expected).

• The I-P line orientation with respect to channels affects both
CO2 and thermal plume distributions inside the aquifer. Cases
with the I-P line parallel to the channels’ orientation provide
higher cumulative power by 10% compared to the cases with I-P
perpendicular to channels.

• Among the considered injection rates, 𝑚̇inj = 50 kg∕s provided
the highest CPG cycle operation time by about 44 years (the span
between the sequestration stage and the CPG lifetime).

• CO2 injection rate of 100 kg/s provides the highest performance
in homogeneous cases, considered in the present study, with
cumulative power generation of about 0.15, 0.17, and 0.20 TWh
for 𝑘avg = 225.5, 336.5, and 568.5 mD, respectively. On the
other hand, the injection rate of 50 kg/s is the optimum rate
in heterogeneous cases of the present study and provides about
0.06, 0.09, and 0.12 TWh for 𝑤 = 50, 100, and 150 m, respec-
tively. To put this in perspective, according to [65], a typical
domestic household in the UK consumes about 258 kWh per
month. Therefore, should the CPG described in the present study
work in its optimal performance (𝑚̇inj = 100 and 50 kg/s for
homogeneous and heterogeneous aquifers, respectively), it can
provide the required electricity for about 1500 households1 over
43 years lifetime and 860 households over 45 years lifetime for
the CPG working in homogeneous and heterogeneous aquifers
with 𝑤 = 150 m, respectively.

• Neglecting the heterogeneous nature of aquifers can result in an
overestimation both in cycle electric power output and lifetime.
The presence of fluvial heterogeneity in the aquifer decreases the
CPG performance up to about 75%, depending on the channels’
width and CO2 injection rate.

Results suggest that for a CPG system, to provide acceptable electric
power and to become commercial, high mass flowrates are required
(50 to 100 kg/s). However, these values for injection rate are relatively
high to be practical for a single injection/production well pair. For
example in Sleipner, the injection rate of the single injection well is
1 million tonne per year of CO2 which is around 32 kg/s [66]. Or
in Cranfield Geological Carbon Sequestration Project, the maximum
injection rate per well is only 500 kg/min or 8.33 kg/s [67,68]. Or

1 (0.2 TWh/43 years)/(285 kWh/month).
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in the North Sea, median UK oil and gas production rate corresponds
to around 0.35 Mt/yr/well or 11.1 kg/s/well of CO2 [69]. Therefore,
to inject 50 kg/s, several injection and production wells are required.
In this scenario, well patterns [23] and perforation cost are two major
issues. In addition, by dividing the injection rate into smaller values,
the sequestration stage increases, which is not desirable. To tackle these
issues, two alternative scenarios are proposed. The first is to use CPG
in depleted oil reservoirs, or the reservoirs that currently include CO2
from sequestration processes, such as the SECARB Cranfield Site that
a brine-saturated sand has been under CO2 flood [14]. The second is
to use CPG in shallower depths and smaller scales for peak shaving
purposes, such as [70,71]. In the latter approach, when the cost of
energy is low, CO2 is injected into the reservoir but the production well
is shut down, letting the CO2 to warm-up and reach the required mass-
fraction at the production well; and when the cost of energy is high,
scCO2 production starts and cheap renewable geothermal electricity
substitutes the expensive fossil fuel-based one. In the peak shaving
approach, the reservoir is used as on-site energy storage, and since
energy is produced in discrete periods, time is given to the reservoir
to recover its temperature and compensate for the thermal depletion.

Another remark is about the electricity output of CPG that we found
to be in order of tenth of TWh. This value is small, however, we need
to consider expanding CPG across multiple wells and deeper, hotter
systems. Additionally, one must consider the value of CCS and CCUS,
that is, both sequestering CO2 at the end of operation, and utilizing
CO2 for the operation. The calculation of revenue from CCS and CCUS
is not straightforward. However, an analysis by the Committee on
Climate Change [72] in 2018 indicates that CCUS will be the only
way to decarbonize certain key industrial sectors before 2050. They
recommend that 10 MtCO2 should be stored annually by 2030, 3
MtCO2 of which are from industry, to maintain the option of high levels
of deployment by 2050, potentially over 100 MtCO2/year. CPG will be
an attractive CCUS option to practice the engineering of large volume of
CO2 storage needed beyond 2050. Assuming 50 kg/s of CO2 injection,
a CPG operation can utilize 1.58 MtCO2/year that will be stored at the
end of operation.

The results and the discussion about the merits and demerits of
CPG in this paper can provide guidelines for possible future works to
enhance and optimize the CPG technology. Also, this paper proposed
a method to prevent possible power over-predictions that are resulted
from field uncertainties.
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Appendix. Parameters sensitivity analysis

In this section, the effects of three sets of parameters, including
geochemical reactions, bottomhole temperature of the injected CO2,
and channels’ porosity and permeability, on the system performance
and power output are considered. The base case for the sensitivity
analysis is a heterogeneous aquifer with a channel width of 50 m, a
porosity of 0.25, a permeability of 1000 mD, and an injection rate of
50 kg/s.

A.1. Geochemical reactions and salt precipitation

Geochemical reactions, specifically salt precipitation, can affect the
aquifer injectivity and, therefore, the overall power output of the CPG
system. However, it was shown that the dominant precipitation is
due to water vaporization and salt precipitation near the injection
well [21,50]. The aquifer considered to study the effects of geochemical
reactions is a heterogeneous high-salinity sandstone aquifer with a
salinity of 15% by weight, channels’ thickness of 𝑤 = 50 m, and
𝑘avg = 250 mD. Carbonate, silicate, and clay minerals, including calcite,
anorthite, and kaolinite are among the most common components
of such aquifers. To study the effects of geochemical reactions, both
aqueous and mineral reactions are considered based on previous works
by Norouzi et al. [21],Nghiem et al. [73], and Cui et al. [19]. Complete
details of these reactions, including reactions’ equilibrium coefficients
and minerals’ rate law equation parameters are provided in Appendix A
of the work by Norouzi et al. [21].

H+ + OH– H2O (A.1a)

CO2 + H2O HCO –
3 + H+ (A.1b)

HCO –
3 CO 2–

3 + H+ (A.1c)

Calcite + H+ Ca2+ + HCO –
3 (A.1d)

Anorthite + 8H+ 4H2O + Ca2+ + 2Al3+ + 2SiO2,aq (A.1e)

Kaolinite + 6H+ 5H2O + 2Al3+ + 2SiO2,aq (A.1f)

Halite Na+ + Cl– (A.1g)

The initial composition of the brine and the aquifer are presented
in Table A.2.

Here, two scenarios are considered. First, we consider the heteroge-
neous cases that include CO2 and brine, but no geochemical reaction
happens between them, and second, we consider the same cases with
geochemical reactions occurring in the aquifer. The results are shown in
Fig. A.1. Fig. A.1a shows the amount of the precipitated salt resulting
from water vaporization. In agreement with the findings of previous
works, such as [21,50], salt is the main mineral that precipitates and
affects aquifer injectivity. Salt precipitation mainly happens in the
dry-out region close to the injection well and therefore reduces the in-
jectivity in this area. From Fig. A.1b it is observed that the precipitated
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Table A.2
Aquifer and brine initial compositions.

Brine

Ion H+ Ca2+ Al3+ SiO2,𝑎𝑞 Na+ Cl−

mol.L−1 1 × 10−7 9.12 × 10−5 2.32 × 10−11 2.35 × 10−8 1 1

Ion HCO−
3 CO2−

3 OH−

mol.L−1 2.5 × 10−2 1.2 × 10−5 5.45 × 10−7

Mineral Component Anorthite Calcite Kaolinite Halite
Volume fraction 0.036 0.153 0.00135 0.00

Fig. A.1. Geochemical reactions sensitivity analysis: (a) salt precipitation resulting from water vaporization in the dry-out region near the injection well after 50 years of injection,
(b) variations in aquifer’s porosity due to minerals’ precipitation and dissolution after 50 years, and (c) the effect of geochemical reactions on the instantaneous power output of
the system versus time.

salt near the injection well can reduce the aquifer porosity up to 0.01,
which is about a 4% reduction in porosity near the injection well. Also,
it is observed that far from the injection well, the aquifer porosity is
slightly increased, which is mainly due to minerals’ dissolution into
water. Fig. A.1c shows the instantaneous net power of the system
for the cases with and without geochemical reactions. Geochemical
reactions mainly affect the injectivity and therefore, pressure build-
up near the injection well and CO2 flow and distribution. However,
in cases considered for the present study, since the injection mass
flowrate is kept constant, the CO2 and temperature distribution remain
the same and only the pressure build-up at the injection well increases.
An increase in the injection well bottomhole pressure will lead to
an increase in injection wellhead pressure, i.e., the required injection
pressure increases. The increase in the required pumping pressure, will
reduce the amount of the excess pressure achieved from the surface,
and therefore, reduces the system’s output power. However, the scale
of the reduction in excess pressure is small, and the average reduction
in the CPG output power is about 4.8%.

A.2. CO2 bottomhole injection temperature

One of the parameters that can affect the temperature distribution,
and consequently the system’s performance, is the CO2 injection tem-
perature. CO2 injection temperature is defined from the injection head
temperature and the isentropic (adiabatic and reversible) compression
process that occurs by reaching the aquifer depth. As a result, to in-
crease the CO2 injection temperature, higher temperature and pressure
at the surface are required, meaning that the enthalpy gradient between
the injection and production streams decreases and subsequently the
system power production decreases as well.

Fig. A.2a shows the temperature distribution in the aquifer for
three different CO2 injection temperatures. As the injection temperature

increases, the temperature distribution becomes more uniform, and the
temperature depletion rate decreases. This results in slightly higher
bottomhole temperature at the production well, for instance, after
50 years, the production bottomhole temperature will be 72.9, 76.7,
and 80.4 ◦C for the cases with injection temperatures of 40, 50, and
60 ◦C, respectively. Despite this increase in production bottomhole
temperature, since the enthalpy gradient becomes smaller for cases
with higher injection temperature, it is found that as the injection
temperature increases, the average net power decreases (Fig. A.2b).

A.3. Channels’ porosity and permeability

To study the effects of channels’ porosity and permeability three
sets of heterogeneous aquifers are considered as follows: (i) 𝜙 = 0.25,
𝑘 = 1000 mD, and 𝑘avg = 250 mD, (ii) 𝜙 = 0.23, 𝑘 = 800 mD, and
𝑘avg = 203 mD, and (iii) 𝜙 = 0.21, 𝑘 = 600 mD, and 𝑘avg = 157 mD.

Fig. A.3 shows the CPG instantaneous net power for cases with
different channels’ permeability and porosity. Since the injection rate is
kept constant at the rate of 50 kg/s, the CO2-plume and the temperature
distribution in the aquifer are almost the same for all these cases.
However, as the aquifer transmissibility decreases, a higher parasitic
pressure drop happens, resulting in lower excess pressure at the surface
and consequently lower system output power. It is observed that a
reduction of about 37% in the aquifer’s average permeability results
in a 7% reduction in output net power from 0.28 to 0.26 MWe. Also,
it is observed that as time goes on, the decrease in instantaneous net
power increases. This is because CO2 gradually disperses in the aquifer
and as it reaches different layers of the aquifer, more pressure drop due
to lower permeability and porosity occurs and therefore, the net power
decreases more.
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Fig. A.2. CO2 bottomhole injection temperature sensitivity analysis: (a) temperature distribution at the mid-surface of the aquifer (2050 m) after 25 years of injection, and (b)
instantaneous net power versus time.

Fig. A.3. Effects of channels’ porosity and permeability on the overall system
performance and the instantaneous net power versus time.

Nomenclature
𝐴 Cross-sectional area, [m2]
ℎ Specific enthalpy, [J kg−1]
𝑘 Permeability, [mD, m2]
𝐿 Length, [m]
𝑚̇ Mass flowrate, [kg s−1]
𝑃 Pressure, [Pa, MPa]
𝑃net Net power, [MWe, TWh]
𝑄 Mass vapour quality, [–]
𝑠 Specific entropy, [J kg−1 ◦C−1]
𝑇 Temperature/channels’ thickness, [◦C, m]
𝑡 Time, [year]
𝑤 Channels’ width, [m]
𝑋CO2 CO2 mass-fraction in gas phase, [–]
𝛤 Temperature fraction, [–]
𝜂 Efficiency, [–]

𝜆 Parasitic load fraction [–]
𝜇 Viscosity, [Pa s]
𝜌 Density, [kg m−3]
𝜙 Porosity, [–]
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