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a b s t r a c t

CO2 Plume Geothermal (CPG) energy systems circulate geologically stored CO2 to extract geothermal heat
from naturally permeable sedimentary basins. CPG systems can generate more electricity than brine
systems in geologic reservoirs with moderate temperature and permeability. Here, we numerically
simulate the temperature depletion of a sedimentary basin and find the corresponding CPG electricity
generation variation over time. We find that for a given reservoir depth, temperature, thickness,
permeability, and well configuration, an optimal well spacing provides the largest average electric
generation over the reservoir lifetime. If wells are spaced closer than optimal, higher peak electricity is
generated, but the reservoir heat depletes more quickly. If wells are spaced greater than optimal, res-
ervoirs maintain heat longer but have higher resistance to flow and thus lower peak electricity is
generated. Additionally, spacing the wells 10% greater than optimal affects electricity generation less
than spacing wells 10% closer than optimal. Our simulations also show that for a 300 m thick reservoir, a
707 m well spacing provides consistent electricity over 50 years, whereas a 300 m well spacing yields
large heat and electricity reductions over time. Finally, increasing injection or production well pipe di-
ameters does not necessarily increase average electric generation.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Global carbon dioxide (CO2) emissions must be reduced by at
least 78%e118% (when compared to 2010 emission levels) by 2100
in order to keep Earth’s mean annual surface temperature increase
within 2 �C of pre-industrial levels and thus avoid substantial
negative environmental and economic consequences [1]. Several
strategies have been identified tomeet the CO2 emissions reduction
goal, andmost include CO2 capture and geologic storage (CCS) [2,3].
Additionally, CO2 from electricity generation accounted for 40% of
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global fuel-combustion CO2 emissions in 2017 [4]. Thus, it is likely
that most fossil electricity generation will require CO2 capture and
geologic storage in saline and depleted oil and gas reservoirs to
meet climate goals [5,6].

Instead of only storing CO2 in sedimentary basins as a part of
CCS, the emplaced CO2 can be circulated back to the land surface
and used to generate geothermal power in a CO2 Plume Geothermal
(CPG) system [7e15]. Importantly, during CPG power generation,
all of the CO2 produced from the CO2 storage reservoir is reinjected
into the same reservoir, so that 100% of the originally injected CO2 is
permanently stored underground in this CO2 capture, utilization,
and storage (CCUS) system. The use of CO2 has many advantages
over brine, such as a self-convecting thermosiphon and reduced
frictional losses through the reservoir due to the decreased CO2
viscosity [7,16]. This low CO2 viscosity enables electric power gen-
eration from reservoirs of lower temperature and permeability
than those required for traditional brine-based systems [8].
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

D Well Diameter [m]
_m Mass Flowrate [kg s�1]
P Power [MWe]
Pnet Net Power Generated at any Time, t. [MWe]
Pnet,avg Average Net Power Generated (30 or 50 Years)

[MWe]
Q Heat Energy Transfer Rate [MWth]
R Reservoir Radius [m]
Ropt Optimal Well Radius for Maximum Average Net

Power Generation [m]
t Time [s]
T Fluid Temperature Produced from Reservoir [�C]
Tinj Fluid Temperature Injected into Reservoir [�C]
Z Elevation [m]
G Temperature Fraction [�C/�C]
d Reservoir Thickness [m]
k Reservoir Permeability [m2]
m0 Average Reservoir Dynamic Fluid Viscosity [N s

m�2]
r0 Average Reservoir Fluid Density [kg m�3]
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Additionally, CO2-based geothermal power generation can leverage
the fluid compressibility to provide grid-scale electricity storage
[17e22]. Thus, CPG systems have increased flexibility and applica-
bility over traditional brine-based geothermal systems.

Massive amounts of thermal energy are available in the Earth’s
crust; however technological developments are needed to
economically utilize this energy [23]. CPG can increase this
geothermal energy utilization as CCS operations increase. Global
CO2 emissions exceeded 35 Gt per year in 2011 and have been rising
since [1,24]. In a moderately deep (2.5 km) reservoir of moderate
temperature (~100 �C) and permeability (5 � 10�14 m2), 3 MWe can
be repeatedly generated by CPG from 8 Mt of permanently
sequestered CO2 [8,11]. Therefore, assuming only 10% of the global
annual CO₂ emissions, currently ~35 Gt, were sequestered at com-
parable CPG sites, approximately 1.3 GWe of carbon-free, baseload,
and dispatchable renewable electricity could be brought online
each year from geothermal resources that are unobtainable by
other geothermal energy technologies [25]. This would increase the
current ~14 GWe of installed geothermal power capacity [26,27] by
9% per year.

While research into brine-based geothermal systems is rela-
tively extensive, CO2 was only recently proposed as a subsurface
working fluid [28,29]. Initially, CO2 was considered only for
Enhanced Geothermal Systems (EGS) [30e32], where virtually
impermeable crystalline rock is hydraulically stimulated (fractured
or sheared) to create flow paths for the injected CO2 [16,33e37].
However, the nature of the fractured EGS reservoir limits its spatial
extent and raises concerns such as induced seismicity [38e40].

Unlike EGS, CO2 Plume Geothermal (CPG) utilizes sedimentary
rock reservoirs, overlain by an impervious caprock. Sedimentary
reservoirs have several advantages over fracture-based formations.
Sedimentary reservoirs are naturally porous and permeable and are
found under approximately half of the United States [41e43] and
are ubiquitous worldwide [44e46]. Furthermore, the non-fracture-
based flow fields that typically develop in naturally permeable
sedimentary-basin reservoirs provide large specific surface areas in
contact with the flowing CO2, enabling effective heat transfer from
the rock to the fluid. Lastly, saline and depleted oil and gas reser-
voirs in sedimentary basins are already targeted for geologic CO2
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storage [6].
Unlike traditional fracture-based systems, the heat recharge of

sedimentary and EGS reservoirs is often conduction-based, rather
than advection-based. As heat conduction tends to have substan-
tially lower heat flux rates, the temperature decline of sedimentary
reservoirs will be more sensitive to the heat extracted. Thus, care
must be taken to select well locations and flow rates to size
reservoir heat extraction sustainably.

For CO2, thermal depletion of sedimentary basins has seldom
been simulated. When heat depletion was considered, simulations
included only fixed and arbitrary heat extraction rates [11,13,47,48].
As the mass flowrate of a CPG system (or any geothermal power
plant) is not fixed a priori, but rather continually adjusted to
generate the maximum power [8], only a simulator with combined
reservoir, well, and surface power plant models can accurately
predict the time-dependent power generation due to the associ-
ated reservoir heat depletion.

Ref. [34] account for thermal depletion in water-EGS reservoirs,
employing a fixed-percentage thermal drawdown model. This is
expanded in Ref. [35] by adding additional thermal drawdown
models, including TOUGH2 coupling. Similarly, GETEM includes a
percentage-based thermal drawdown of conventional and EGS
reservoirs [49]. Despite its importance, no prior studies have
simulated a complete reservoir-plant direct CO2-based geothermal
system with its varying optimum mass flowrates and heat deple-
tion, as is done here. This has many implications, including
equipment sizing, well pipe sizing, and well spacing which directly
affect the cost and financial performance of a geothermal
installation.

In this paper, we determine the time-dependent power gener-
ation of a direct CPG power system as the production temperature
of the sedimentary basin decreases. Our earlier work [7,8] consid-
ered the power output only during the first year of operation. In
addition, we calculate the effect on electricity generation by vari-
ations in reservoir thickness, permeability, well pipe diameter, and
well spacing.

2. Methods

The reservoir is modeled as a truncated cylinder with a caprock
above. Fig. 1 shows the radially symmetric reservoir used herein,
similar to the configuration used by Ref. [11,48,50,51]. The cylin-
drical reservoir has a single, vertical injection well (IW) located at
the center, and a continuous, horizontal circular collection well
(CW) at the perimeter, directly beneath the caprock. The CO2 is
produced to the surface through four equally spaced vertical pro-
duction wells (PW) which drain the collection wells. Once at the
surface, the CO2 is directly expanded through a turbine, is
condensed, and then reinjected through the central injection well
back into the formation.

In practice, a circular reservoir with a continuous collectionwell
around the perimeter may not be used. CO2 plumes tend to migrate
in a preferred direction (e.g. up-dip of even slightly inclined cap-
rocks, or along a path of higher permeability). Thus, fewer, well-
placed, linear horizontal or even vertical CO2 collection and pro-
duction wells could enable circulation of most of the CO₂. However,
this radially-symmetric model was chosen here as it provides
computational simplicity while still allowing for simulation of the
thermal depletion of a reservoir volume with buoyancy effects.

Our CPG system simulations employ two software packages:
TOUGH2 [53], for subsurface simulations, and Engineering Equa-
tion Solver (EES) [54], a simultaneous equation solver with built-in
thermophysical property data, for the surface plant andwell piping.
Ref. [51] employed a fully-coupled TOUGH2-EES reservoir and po-
wer plant simulator; however, the simulations were time-intensive



Fig. 1. Schematic of a CPG System with one central CO2 injection well (IW) and four production wells (PW), draining an idealized horizontal, circular fluid collection well (CW)
(modified from Ref. [52]. None of the injected and circulated CO2 is released to the atmosphere.
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as repeated TOUGH2 simulations with slightly different mass
flowrates were required. Additionally, Ref. [51] did not consider the
thermal depletion of a reservoir, which would have made simula-
tion time even longer.

To reduce computational time in this study, the TOUGH2
simulator results are characterized by the relevant system param-
eters (i.e. depth, temperature gradient, permeability, radius, and
CO2 injection fluid state) into a set of dimensionless curves, which
are then integrated into the EES simulator. Thus, we consider the
subsurface, wells, and power plant as a single system.

The time-dependent power generation of the CPG system is
found for various combinations of the parameters listed in Table 1.
The ‘Varied’ reservoir conditions are the parameters which are
modified in the results section of this paper. The ‘Not Varied’
reservoir conditions are the values used in all TOUGH2 reservoir
simulations. The reservoir properties are chosen to be consistent
with our previous work and models [11,51]. All power plant pa-
rameters are identical to Ref. [8]. The well pipe diameters are
derived from GETEM [55]. The reservoir parameters were originally
chosen to be representative of typical sedimentary basins available
for deep geothermal and their associated surface power plants.

Section 2.1 characterizes the TOUGH2 simulator for integration
Table 1
Parameters used.

Well Pipe Diameter 0.14 m, 0.27 m, 0.33 m, and/or 0.41 m

Reservoir Parameters: Varied
Depth 1.5 km, 2.5 km, 3.5 km, or 5.0 km
Thickness 50 m or 300 m
Radius 300 m or 707 m
Geothermal Gradient 20 �C km�1, 35 �C km�1, or 50 �C km�1

Permeability 1 � 10�12 m2 to 1 � 10�15 m2

Reservoir Parameters: Not Varied
Rock Density 2300 kg m�3

Rock Specific Heat 0.92 kJ kg�1 C�1

Rock Thermal Conductivity 2.1 W m�1 C�1

Porosity 0.10
Reservoir Fluid CO2 injected into 20 wt% NaCl-brine
CO2 Injected Initially 2 to 10 Mt CO2 (See Ref. [11])
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into the EES simulator. Section 2.2 describes the EES simulator,
which calculates power generation, using the characterization of
Section 2.1. shows our nomenclature.
2.1. Reservoir modeling and characterization

The reservoir is considered to be homogeneous, horizontal, and
radially symmetric; initially at uniform temperature and pressure.
The reservoir is modeled using TOUGH2 [53] with the ECO2N and
ECO2H equation of state modules [53,56,57]. The reservoir pa-
rameters are described in Table 1.

The initial temperature of the reservoir is the product of the
geothermal temperature gradient and reservoir depth plus the
average ambient air temperature (15 �C). A 15 �C average air tem-
perature is a cautious assumption, representative of Dallas, TX, U.S
[8]. The initial pressure is the hydrostatic elevation potential of pure
water at the given depth. The injectionwell is vertical and centrally
located (R¼0). The grid spacing in the reservoir increases with
radial distance, up to the radial extent of the reservoir (100 km) to
account for brine displacement, thermal expansion, and over-
pressurization, which occur from CO2 injection [11,48,50]. The
horizontal and circular collection well (CW) is located directly
beneath the impermeable caprock, at a radial distance, R, from the
vertical injection well. The radially-symmetric nature of the reser-
voir model assumes a uniform pressure in the horizontal collection
wells. This is justifiable as the flowrates in the horizontal wells are
at most half of the production well flowrate and at least, zero
flowrate. Similarly, it was found that a single vertical production
well substantially limits power generation due to high frictional
losses. Thus, four vertical production wells, operating in parallel,
are considered (see CW and PW in Fig. 1).

The reservoir initially contains 20 wt% NaCl-brine. Then, pure
CO2 is injected, first without fluid production, partially displacing
the brine over approximately 2 years. Fluid production commences
once a minimum CO2 mass-fraction of 94% is achieved into the
production well [58], which is consistent with previous publica-
tions [11]. However, recent discussions with turbine manufacturers



Fig. 2. Direct CPG system schematic (modified from Ref. [8]. The CPG system mass
flowrate is optimized to generate the most power for the specific reservoir charac-
teristics. This involves either throttling or pumping the system as the downhole in-
jection well pressure requires.
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indicate that much lower CO2 mass fractions are permissible within
the turbine without damaging it.

The injection temperature of CO2 back into the reservoir, Tinj, is
determined by isentropically compressing saturated liquid CO₂ to
the hydrostatic pressure at reservoir depth. The saturated liquid CO₂
is at ambient temperature plus a 7 �C approach temperature as it
leaves the condensing tower (i.e. 22 �C). Thus, the reservoir injec-
tion temperatures are 35, 46, 58, and 65 �C for depths of 1.5, 2.5, 3.5,
and 5.0 km, respectively.

The reservoir produced fluid temperature is simulated for CO2
injection mass flowrates of 3 (95.1), 4 (126.8), 5 (158.5), and
6 Mt yr�1 (190.2 kg s�1), initially ramping linearly from zero to the
specified mass flowrate over the first two years, and continuing for
a minimum of 50 years. To increase the TOUGH2 simulation reli-
ability, an increased number of parameters are used: reservoir
thicknesses of 50, 100, 200, and 300 m, injection-to-production
well radii of 300, 500, 707, 1000, 1200, 1500, 2000, and 2500 m,
at reservoir depths of 1.5, 2.5, 3.5, and 5.0 km, and geologic thermal
gradients of 35 and 50 �C km�1, although not all combinations are
simulated. The temperature decay is non-dimensionalized into the
temperature fraction, G, where T(t) is the downhole production
well temperature at time t (Equation (1)).

GðtÞ¼ TðtÞ � Tinj
Tð0Þ � Tinj

(1)

A permeability of 5 � 10�14 m2 is used for all simulations as
previous work has shown that reservoir impedances can be reliably
adjusted from a base case for any permeability by applying Darcy’s
Law [8]. The reservoir impedance (i.e. ‘reservoir factor, R’ in Ref. [8] is
the fluid pressure difference between reservoir fluid injection and
production pressures divided by the fluid mass flowrate. The reser-
voir fluid pressures are non-dimensionally scaled using a correction
factor from the analytical Darcy reservoir impedance solution, given
in Equation (2). Ref. [52] provides this correction factor to obtain the
two-phase, time-dependent value, which is used herein.

Pideal
m’

¼
�m’
r’

� 1
2pkd

ln
�
2R
D

�
(2)

The resulting 330 TOUGH2 reservoir simulation datasets are
analyzed to construct response curves for the investigated system.
This enables estimation of reservoir impedance and thermal decay
in the reservoir for a given set of input parameters at a given time
step without the need to run further simulations. Specifically, the
temperature decay profile of a sedimentary reservoir is approxi-
mated using a two-variable error function and exponential com-
bination curve across the parameter space. On average, the
combined error function and exponential curve fit the 330 indi-
vidual datasets well (r2 ¼ 0.989). The derivation of the response
curves for reservoir impedance and thermal decay is detailed in
Ref. [52]. The derived response curves are used in the following
section of this work to compute the produced heat flux and electric
power generation with time.
2.2. Surface power plant modeling

The surface power plant converts the geothermal heat to electric
power. The plant includes production and injection well piping, a
direct-CO2 turbine, cooler, condenser, and a surface injection pump,
as shown in Fig. 2. The surface power plant is identical to that used
previously [8]. Engineering Equation Solver (EES) is used to solve
for CO2 fluid properties, based on Ref. [59].

Saturated liquid CO2 at a temperature equal to ambient plus a
7 �C approach temperature (22 �C) leaves the surface condenser
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(State 7). The CO2 is either throttled or pumped to the requisite
pressure at State 1, which will maintain the pressure of State 3 at
hydrostatic. The CO₂ is injected at the surface into the injectionwell,
where it self-compresses into supercritical CO2 before entering the
reservoir at State 2. The CO2 flows through the reservoir, increasing
in temperature and decreasing in pressure to State 3, where the
pressure is hydrostatic. The pressure change within the reservoir is
the product of the reservoir impedance and fluid mass flowrate.
The CO2 then flows isobarically through the horizontal circular
collection well and with decreasing pressure up the production
wells to the surface (State 4). Wellbore heat loss is low at high
flowrates and thus neglected [60,61]. At the surface, the CO2 ex-
pands through a turbine with an isentropic efficiency of 78% to
State 5. It is isobarically de-superheated in a cooler to State 6, and
then isobarically condensed to State 7 at a pressure equivalent to
the saturation pressure of CO2 at 22 �C.

Pure CO2 is assumed within the wellbores and equipment;
however, the power generation would be larger if water-saturated
CO2 from the reservoir entered the production well [10]. The effect
of multicomponent fluid (CO2 and water) flow on power generation
and liquid loading potentials in CPG production wells are investi-
gated in Ref. [58].

For every combination of well pipe diameter, injection-to-
production well radius, reservoir permeability, and reservoir
thickness, the net power is found in 5-year increments from Years
0e50. At each time step, the reservoir produced fluid temperature
and pressure differential are recalculated using the fits described in
Section 2.1 (see also [8]). At each time step, the CPG system is
operated at the mass flowrate that provides the largest net power
(see Figure 4 in Ref. [8]). Turbine power generated, net power, and
parasitic loads are calculated identically to Ref. [8].
3. Results and discussion

The net power generated is found for each of the parameter
combinations (Table 1). Fig. 3 shows the time-series of A) net po-
wer, B) temperature fraction, and C) mass flowrate for a 2.5 km
deep, 35 �C km�1 temperature gradient, and 5 � 10�14 m2 reservoir
permeability with 0.41 m pipe diameter injection and production



Fig. 3. The A) net electric power, B) temperature fraction, G, and C) mass flowrate versus time for two reservoir radii, R, between the vertical injection and the horizontal collection
well, and two reservoir thicknesses, d. These values are shown for a 2.5 km deep reservoir with a 35 �C km�1 temperature gradient (plus 15 �C average ambient air temperature),
5 � 10�14 m2 permeability, and 0.41 m pipe diameter injection, collection, and production wells. Fig. 3B shows the equivalent reservoir production temperature after 50 years.

Fig. 4. The average net electric power over 50 years as a function of reservoir radius, R, between the vertical injection well and the horizontal, circular collection well, for four
reservoir thicknesses at a permeability of A) 5 � 10�15 m2 and B) 5 � 10�14 m2. The reservoirs are identical otherwise, with a 2.5 km depth, 35 �C km�1 temperature gradient plus
15 �C ambient air temperature, and 0.41 m well pipe diameters. The red line indicates the trend of optimum radii, Ropt, across reservoir thicknesses, d. The slopes of the power
curves, approximated as linear on either side of the maximum, are provided for reservoir thicknesses of 50 and 300 m. The power slopes are given in units of percentage change per
100 m radius change, where the percentage change is the power slope divided by the maximum average power value for that reservoir thickness and permeability. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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wells.
Fig. 3A shows that increasing the reservoir thickness, d, always

increases the maximum net power generation. This is due to the
inverse relationship between reservoir thickness and fluid pressure
differential in the Darcy equation (Equation (2)): increasing the
1397
reservoir thickness decreases the reservoir impedance and thus
increases the fluid mass flowrate and net power. In the same way,
decreasing the reservoir radius decreases the reservoir impedance,
though this effect is small at large radii. However, a decrease in
reservoir impedance, while increasing mass flowrate and
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instantaneous net power, also decreases the time to thermal
breakthrough at the production well. Thus, while the 300 m radius
reservoirs in Fig. 3A have a larger maximum power than the 707 m
reservoirs, they have lower average power values. Therefore, for
any given reservoir impedance, there will be a radius, Ropt, which
provides themaximum average net power over a given time period,
explained further in Section 3.1.

For each reservoir configuration, the maximum mass flowrate
(Fig. 3C) occurs at non-zero time. This maximum is caused by the
interactions between reservoir impedance and production tem-
perature. As the reservoir “dries out” with time (larger fractions of
the pore space are occupied by CO2 and fewer by brine), its
impedance decreases, and the fluid pressure differential created by
the thermosiphon induces a greater mass flowrate, all else staying
constant. In contrast, the reservoir downhole production temper-
ature (Fig. 3B) decreases with time, which decreases the density
differential between injection and production wells, and would
decrease thermosiphon-induced mass flowrate, all else remaining
constant [7]. Thus, for systems with rapid thermal drawdown (e.g.
for a shorter 300 m radius), the decreasing reservoir impedance is
quickly counter-acted by the decreasing production temperature,
yielding earlier maximum mass flowrates. Similarly, systems with
greater reservoir radii have larger thermal masses, so that pro-
duction temperatures decrease more slowly and mass flowrates
peak later.

Lastly, Fig. 3 shows that at large thermal depletion (i.e. small
temperature fraction), the optimal mass flowrate reaches a hori-
zontal asymptote. This asymptote is the thermosiphon-drivenmass
flowrate that results without pumping. When the production
temperature becomes sufficiently low, it no longer generates more
electricity to augment the system mass flowrate with pumping.
However, there is also no benefit to throttling the system to lower
mass flowrates. Thus, a steady mass flowrate is obtained.

3.1. Optimal radius, Ropt, for given reservoir thickness

For any given reservoir thickness, the optimal radius, Ropt, be-
tween the vertical injection well and the horizontal, circular
collection well, is the radius which will produce the greatest
average net power over the lifetime of the reservoir. Tomore clearly
define this optimum radius, additional simulations are run for 50
years of operation for a reservoir depth of 2.5 km, a geothermal
temperature gradient of 35 �C km�1 plus 15 �C ambient air tem-
perature, permeabilities of 5� 10�15 and 5� 10�14 m2, thicknesses,
d, of 50, 100, 200, and 300 m, and radii between 200 and 1000 m.
The results are shown in Fig. 4.

In all cases, for a given reservoir radius, increasing the reservoir
thickness yields increased power. For each of the thicknesses
shown in Fig. 4, a maximum average net power is obtained within
the radius range of 200e1000 m. Described previously, the opti-
mum radius occurs due to the interaction between the differential
pressure and thermal mass, which affect the average net power
generation in opposing ways. For a permeability of 5 � 10�14 m2

(Fig. 4B), the optimum radii are near 550 and 750 m for reservoir
thicknesses of 300 and 50 m, respectively.

The red line in Fig. 4 shows the trend of maximum power across
reservoir thicknesses. It has a negative slope, indicating a decreased
optimum reservoir radius for increasing reservoir thicknesses. The
optimum radius is larger for thinner reservoirs to counter the
reduction in thermal mass that occurs through decreasing reservoir
volume. For a permeability of 5 � 10�15 m2 (Fig. 4A), the red line is
nearly vertical, with an optimal radius of ~300m for all investigated
reservoir thicknesses. For low permeabilities, the mass flowrate is
very sensitive to radius so that the penalty incurred for under-
sizing or over-sizing the reservoir radius is much larger than for
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higher permeabilities.
For a given reservoir thickness, the approximate linearized

slopes of the power curves (gray power curves) in Fig. 4 indicate the
energy penalty for an incorrect radius choice. The linearized slope
is the change in power generation for a 100 m radius change
divided by the maximum power generated (% per 100 m) for that
reservoir thickness. For example, for a 5 � 10�15 m2 permeability
reservoir (Fig. 4A) with a thickness of 300 m, 6% of the maximum
power is lost for every 100 m of over-sizing. Thus, placing a pro-
duction well at 600 m instead of 300 m will decrease power by
approximately 18% of peak power (90 kWe).

The magnitude of the power slope tends to be larger for un-
dersized radii than oversized radii. Thus, an oversized reservoir
radius impacts the average power generation less over the lifetime
of the system than selecting a radius that is too small. Additionally,
as reservoir permeabilities increase (from Fig. 4A and B), the power
slopes decrease, indicating that the selection of a correctly sized
production well radius is more important for low reservoir
permeabilities.

The optimum reservoir radius, Ropt, will vary depending on the
time period over which the maximum average power is sought. For
decreased time periods (e.g. 30 instead of 50 years), the thermal
energy required to be extracted decreases, decreasing the required
reservoir radius. Thus, for decreasing CPG lifetimes of interest, the
optimum radius decreases, causing the average power generation
to increase.

3.2. Average net power variability across the parameter space

The average net electric power generation values are found for
each parameter (Table 1) and a subset are displayed in Fig. 5 with
fixed injection and production well pipe diameters of 0.41 m. The
values are colored to indicate low (red), intermediate (yellow), and
high (green) values of net power generation. As power output was
previously found to be negligible for reservoir depths less than
3.5 km at a temperature gradient of 20 �C km�1 and less than
2.5 km at a temperature gradient of 35 �C km�1 [62], those values
are not simulated and are represented as blank cells. For compar-
ison, the parameter combinations that yield larger CPG power
generation values than using brine in Ref. [8] (see their Figure 7) are
bordered by a dark black line. This is shown only for the combi-
nations with 300 m thickness reservoirs and 707 m reservoir radii,
which most closely align with that study.

Consistent with previous findings, the average power increases
with increases in reservoir depth and permeability as well as
temperature gradient. For fixed values of reservoir depth, perme-
ability, reservoir radius, and temperature gradient, increasing the
reservoir thickness results in an increase in power generated.

These results may be compared to those of the pure-CO2
inverted 5-spot reservoir of Ref. [8] using the 300 m thickness and
707 m radius reservoir values. For injection and production well
pipe diameters of 0.41 m, a reservoir permeability of 5 � 10�14 m2,
temperature gradient of 35 �C km�1, and depth of 2.5 km, Ref. [8] in
their Figure 6A reported a net power of 3.6 MWe, which can be
compared to 2.6 MWe here. The difference (�32%) can be attributed
to the higher reservoir impedance of the more realistic multi-phase
reservoir considered here, which is initially filled with brine. Also,
the power shown here can be improved upon; it increases slightly
from 2.6 MWe to 2.7 MWe (or þ4%) by decreasing the collection
well radius from 707 to 600 m (Fig. 4B).

As previously discussed, power does not necessarily increase
with reservoir radius, although this tends to occur for the two radii
(300 and 707 m) shown in Fig. 5, especially at high permeabilities.
For permeabilities of 5 � 10�14 m2 and larger, a radius of 707 m
results in more average power than using a 300 m radius; however,



Fig. 5. The average net electric power generated over the first A) 30 years and B) 50 years for selected values of reservoir permeability, thickness, radius, depth, and temperature
gradient with a fixed well pipe diameter of 0.41 m. Permeability, depth, and temperature gradient combinations are outlined in bold which were previously shown to yield higher
power generation rates than brine-based geothermal systems (see Ref. [8]).

Fig. 6. The percent change in average net electric power generated when a 30-year average is used instead of a 50-year average. Positive changes are indicated by green while
negative changes are shown in red. Large positive changes (green) between 50- and 30-year averages indicate a substantially heat-depleted reservoir at the 30-year mark, while
negative changes (red) indicate thermal breakthrough has not yet occurred and, in fact, that power generation is still increasing due to continued reductions in reservoir impedance.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. The average net electric power generated over 50 years for varying well pipe diameters for A) a 5 � 10�14 m2 permeability reservoir and B) a 1 � 10�12 m2 permeability
reservoir. The reservoirs are 2.5 km deep and have thicknesses, d, of 50 and 300 m. The geologic temperature gradient is 35 �C km�1, while the average ambient air temperature is
15 �C (resulting in a reservoir temperature of 102.5 �C). The reservoir radii, R, indicating the distance between the vertical injection well and the horizontal collection well, are 300
and 707 m.
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at low permeabilities, especially those at shallow depths and low
temperatures, the power output with a radius of 707 m can be
lower than that at 300 m.

To determine if the reservoirs examined were sized correctly,
the change in power generated between 30-year and 50-year
averaging windows is found. The percent change in power,
Pnet;avg , is the difference between the average net power generated
over 30 years, Pnet;avg;30y, and 50 years, Pnet;avg;50y, divided by the
average net power generated over 30 years, given in Equation (3).

DPnet;avg ¼
Pnet;avg;30y � Pnet;avg;50y

Pnet;avg;30y
� 100% (3)

The results are shown in Fig. 6, where large, positive percentage
changes (green) indicate an undersized reservoir radius, R, with too
little reservoir thermal mass, causing thermal breakthrough at the
production well between Years 30 and 50. The thermal break-
through results in the reservoir operating at a fraction of its peak
power generation toward the end of its 50-year lifetime, causing a
decrease in average power generated. In the cases with large pos-
itive values (e.g. most 300 m radius cases), the production wells
should be placed at a larger radius from the injection well, R, to
increase the thermal mass through which the heat extraction fluid
flows.

In contrast, negative changes in power (red) indicate that the
net power is continuing to rise beyond 30 years. In these cases,
thermal breakthrough has not yet occurred, and continued de-
creases in the reservoir impedance with time, due to larger CO2
saturations of the pore space, cause increased mass flowrate and
net power output (e.g. the 707 m radius and 300 m thickness
reservoir in Fig. 3). Thus, reservoir thicknesses and CPG well com-
binations shown in Fig. 6 with single-digit change magnitudes are
sized appropriately to provide consistent power for a 50 year
duration.

From Fig. 6, we can infer that a 300 m thickness reservoir with a
707 m radius well spacing will not substantially deplete in heat for
any of the reservoir combinations shown over a 50-year lifetime;
however, improved performance may be found at smaller radii, as
previously discussed. Also, at low permeabilities, such as 10�14 m2,
a reservoir with a 707 m radius well spacing does not deplete in
heat for either a 50 m or 300 m thickness, while none of the
reservoir thicknesses and radii considered deplete in heat over 50
years in a 10�15 m2 permeability reservoir.
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3.3. Average net power sensitivity to well pipe diameter

The effect of well pipe diameter on average net power is shown
in Fig. 7 for both a 5 � 10�14 m2 and 1 � 10�12 m2 permeability
reservoir at a depth of 2.5 km, a 35 �C km�1 geologic temperature
gradient, and a range of well pipe diameters. Well pipe diameter
and reservoir permeability govern the system pressure losses,
which dictate the mass flowrate that will generate the most power.

When increasing injection and production well pipe diameter,
the average electric net power tends to increase. Likewise, increases
in reservoir permeability tend to increase the power generated;
however, this effect is diminished at small pipe diameters. At large
reservoir permeabilities (Fig. 7B), the fraction of frictional pressure
losses from the reservoir tends to be low; therefore, net power
output is substantially increased by increasing well pipe diameter.
Conversely, at low reservoir permeabilities (Fig. 7A) the fraction of
frictional pressure losses from the reservoir is large, so the net
power output is less sensitive to the pipe diameter.

For each combination of reservoir radius, R, and reservoir
thickness, d, there appears to be a combination of injection and
production well pipe diameters, where a plateau in net power
generation is achieved. The exception to this trend is the 707 m
reservoir radius and 300 m reservoir thickness case in Fig. 7B,
where power increases for all increases in pipe diameter. These
results notably differ from those previously found (see Figure 10A
in Ref. [8], which indicated that power increased for all increases in
pipe diameter. Ref. [8] did not consider the temperature depletion
that occurs with time and its effect on power generation.

Fig. 7 shows that for all but the largest reservoir (i.e. reservoir
radius of 707 m and thickness of 300 m), the average power does
not increase appreciably for injection and production well pipe
diameters greater than 0.27 m. This is caused by the rapid thermal
depletion of the reservoir that larger pipe diameters enable. While
the average power generation for different well pipe diameter
combinations is roughly equivalent, larger pipe diameters provide
variability in power generation with time. Conversely, the 707 m
radius and 300m thickness reservoir does not thermally deplete for
large values of pipe diameter, as previously indicated in Fig. 6. Thus,
for a fixed reservoir volume, the wells need to be sized accordingly
to avoid installation of unnecessarily large piping.

Further, the correct sizing of well pipe diameters will decrease
the net power variation with time, decrease the over-sizing of po-
wer plant equipment, increase the capacity factor of that



B.M. Adams, D. Vogler, T.H. Kuehn et al. Renewable Energy 172 (2021) 1393e1403
equipment, and overall decrease the cost of generating electricity.
This result is consistent with Ref. [58] which similarly shows that
the largest well pipe diameters may not be the optimum design
choice, but for reasons of wellbore flooding.

Ultimately, considerations regarding the site-specific reservoir
characteristics (permeability, thickness, etc.), the anticipated
engineered subsurface features (well and well-field geometries),
and Earth surface conditions (CO2 sources or pipelines, power users
or power grid proximity, average air or surface-water temperature
for cooling, etc.) all need to be included when implementing CPG
power generation and associated permanent geologic CO2 storage.
In practice, a wide range of in-depth simulations of combined
reservoir-power-plant processes and their uncertainties (particu-
larly regarding the uncertain subsurface parameters, the uncer-
tainty of which can be reduced through geological/geophysical
exploration) will have to be conducted for each potential CPG site.
Such simulations provide forecasts of CPG system implementations
for a site of interest, yielding estimated power output and associ-
ated revenue, costs, and mass of permanently stored CO2 for many
decades into the future of a potential CPG system’s operation time.
Nonetheless, we hope that the insights provided here can provide
guidance when pre-screening locations for potential CPG system
development.

4. Conclusions

In this paper, we use fluid pressure drop and temperature decay
characterizations of sedimentary radial reservoirs from Ref. [52] to
find the time-dependent values of CPG power generation for
various well pipe diameters, reservoir radii, thicknesses, and per-
meabilities. Our findings are:

� A given reservoir has an optimal reservoir radius, Ropt, that maxi-
mizes average power generation over a specified time. The reser-
voir radius is determined by the well spacing and placement.
Increasing the reservoir radius increases both the reservoir
impedance and the reservoir thermal mass available for heat
extraction, as large-radii reservoirs yield lower flowrates and
thus slower heat depletion. Additionally, this optimum radius
increases with increasing reservoir permeability.

� For 300 m thick reservoirs, the 707 m reservoir radius, R, provides
sufficient heat to sustain power generation over a 50-year period.
The change in average power generation between 30- and 50-
years is almost always less than 10%, indicating consistent po-
wer output and low heat depletion. For 50 m thick reservoirs,
the change in power generation for this spacing is generally less
than 25% for permeabilities of 5 � 10�14 m2 and below.

� Over-estimation of the reservoir radius, R, affects the long-term
power output less severely than under-estimation. Additionally,
power sensitivity to reservoir radius is more pronounced for
smaller than for larger permeabilities.

� Increasing injection and production well pipe diameter for a fixed
reservoir radius, R, does not necessarily increase average net power
generation.While increasing well pipe diameters increases mass
flowrate and therefore net power generation, an increased pipe
diameter also increases heat extraction from the reservoir,
leading to faster heat depletion. A moderation of the heat
extraction rate also decreases the required capacity of the sur-
face plant while increasing equipment capacity utilization over
time, thus reducing cost of generation.

� Larger reservoir thicknesses increase the average power generated.
All else constant, larger reservoir thicknesses increase the flow-
cross-sectional area, decrease the reservoir impedance, and
result in higher flowrates, while the thermal mass of the
reservoir is increased.
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Data availability

The power generation data for all cases simulated are provided
as supplemental data as an EXCEL file.
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