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Abstract—CO2 Plume Geothermal (CPG) is a carbon 
neutral renewable electricity generation technology where 
geologic CO2 is circulated to the surface to directly generate 
power and then is reinjected into the deep subsurface. In 
contrast to traditional water geothermal power generation 
with an Organic Rankine Cycle (ORC), CPG has fewer 
system inefficiencies and benefits from the lower viscosity of 
subsurface CO2 which allows power generation at shallower 
depths, lower temperatures, and lower reservoir 
transmissivities. 

In this paper, we modify our existing geothermal 
electricity models by: 1) replacing TOUGH2 reservoir 
simulations with analytic solutions for a 5-spot reservoir 
impedance, and 2) including heat loss to the surrounding rock 
using a semi-analytical heat transfer solution. We report the 
results of 3050 simulations in a single plot, showing the 
power generation of both direct CPG systems and indirect 
water geothermal systems for depths between 1 and 7 km and 
reservoir transmissivities between 102 and 105 mD-m (10-13 
and 10-10 m3). 

Keywords—CO2 Geothermal; Sedimentary Geothermal 
Electricity; Porous Media Analytical Solution; Geologic 
CO2; Carbon Capture Utilization and Storage (CCUS); 
Enhanced Geothermal Systems (EGS); CO2 Plume 
Geothermal (CPG); Electric Power Generation 

1 INTRODUCTION 

CO2 Plume Geothermal (CPG) is a CO2-based geothermal 
electricity generation system which utilizes sequestered CO2 
in sedimentary basins [1]. CPG can generate more electricity 
than traditional water geothermal at moderate depths (>2 km) 
and permeabilities (~>20 mD) due to the low viscosity of 
supercritical CO2 at these conditions [2,3]. As geothermal 
energy is not a variable energy source like wind and solar, 
CPG can generate either dispatchable or baseload carbon-

neutral electricity, and can be modified to provide energy 
storage [4-6]. 

A CO2 Plume Geothermal (CPG) facility is built at an 
established CO2 sequestration site. CO2 will likely be 
sequestered in large quantities in the future as a part of climate 
change mitigation [7]. Once sequestered geologically, the CO2 
can enable the extraction of geothermal heat, making CPG a 
Carbon Capture Utilization and Storage (CCUS) technology. 
This can provide a return on the CO2 capture and sequestration 
costs. 

In [2], the power generated for both CPG and water 
geothermal was found for depths between 1 and 5 km, 
permeabilities between 1 and 1000 mD, geothermal gradients 
between 20 and 50 °C/km, and pipe diameters between 0.14 
and 0.41 m. While we focused on permeability as a primary 
reservoir variable in [2], we have since determined that the 
reservoir transmissivity, which is the product of permeability 
and thickness, is the more important quantity. This does not 
affect our results in [2], as they were found with a constant 
reservoir thickness, but reporting results as a function of 
transmissivity, rather than permeability, would have been 
more representative of the system physics. Thus, we report our 
results primarily as a function of reservoir transmissivity here. 

In [2], we used a TOUGH2 reservoir simulator to calculate 
the reservoir impedance, which is the difference between the 
injection and production well downhole pressures divided by 
the mass flowrate. This added substantial complexity to the 
model, ultimately resulting in the characterization of 
numerous TOUGH2 simulation results. Additionally, the 
TOUGH2 results showed little or no thermal depletion after 
the first year. Thus, we have since replaced the TOUGH2 
simulations in our CPG model with an analytical solution for 
reservoir impedance with a constant reservoir production 
temperature. This simplification is employed herein. 

Lastly, the wellbore simulations in [2] neglect the 
conduction of heat to and from the surrounding rock. We 
showed in [8] that this heat loss reduces the wellhead 



temperature by less than 5% after two weeks at the high flow 
rates used in CPG. Thus, the adiabatic wellbore assumption 
was justified. However, the wellhead temperature due to heat 
loss varies proportionally with the wellbore mass flowrate [9], 
i.e. decreasing the mass flowrate also decreases the wellhead 
temperature. Therefore, at some flowrates lower than those 
used in CPG, the adiabatic assumption may not be justified. 
Thus, we have additionally included a semi-analytic heat 
transfer relation into our wellbore model to alleviate 
uncertainty and to provide robust results in all scenarios. 

In this paper, we find the power generation of both direct 
CPG and indirect water geothermal systems for depths 
between 1 and 7 km, and transmissivities between 100 and 
100,000 mD-m. We also describe an analytical reservoir 
model using Darcy’s law and an enhanced wellbore model 
accounting for conduction heat losses. These modifications 
make it possible to generate large, parameter space results. 

2 METHODS 

Both a direct CPG system and an indirect water 
geothermal system are shown in Figure 1. 

In a CPG system (Figure 1A), the CO2 is injected at the 
surface in liquid form (State 1) and arrives at the reservoir as 
supercritical CO2 (State 2). Through the reservoir, the CO2 is 
heated and decreases in pressure according to Darcy’s Law, 

arriving at State 3 where the pressure is hydrostatic and the 
temperature is the product of the geothermal gradient and 
depth plus the surface average ambient temperature. The CO2 
rises to the wellhead (State 4), where the pressure is much 
greater than the liquid injection temperature (State 7), due to 
the low production well density [3]. The CO2 pressure 
differential across the turbine results in generated power. The 
turbine backpressure (State 5) is the condensing pressure of 
CO2 at the ambient temperature plus the approach temperature 
(i.e. ~6 MPa at 22°C). The CO2 is condensed sub-critically to 
a saturated liquid at State 7. The CO2 is pumped to State 1, 
increasing the circulating mass flowrate, though pumping is 
not necessary and the CO2 will self-circulate without pumps 
due to the thermosiphon [2,3]. 

In a direct water geothermal system (Figure 1B), a similar 
process occurs. The reservoir pressure change is still 
calculated according to Darcy’s Law. However, water is 
incompressible, therefore its density in both the production 
and injection wells are roughly equal. Thus, the water pressure 
reduces more quickly with increasing depth than CO2, and a 
downhole pump is required to keep the water pressure above 
its boiling point. Similarly, the water pressure is much lower 
at the surface in the indirect system, and energy is extracted as 
heat instead. The heat drives an Organic Rankine Cycle 
(ORC). We use R245fa as the ORC working fluid; however 
we have also used CO2 [2]. 

 

Fig. 1. Cycle schematics for A) direct CPG and B) indirect water Organic Rankine Cycle (ORC), modified from [2]. 

The direct CPG and indirect water thermodynamic models 
used in this analysis are the same as was used in [2], with the 
following changes: 1) The TOUGH2 simulator is replaced 
with a Darcy analytical solution, and 2) conduction heat loss 
is included in the wellbore. These changes are described in 
Sections 2.1 and 2.2. 

Both the direct CPG and indirect water power cycle 
models were rebuilt in MATLAB. The key simulation 
parameters are given in Table 1.  

Offline simulations have found that large pipe diameters 
are worth the increased cost, thus we only simulate 0.41 m 
diameter wells here. Also, we found in [2] that the 20 °C/km 
systems often provide little power and geologic locations with 

a geothermal temperature gradient of 50 °C/km are difficult to 
find. Thus, we assume a 35 °C/km geothermal gradient for all 
simulations in this paper. 

TABLE I.  MODEL ASSUMPTIONS 

Parameter Value 

Geologic Temperature Gradient 35 °C/km 
Reservoir Pressure Hydrostatic 
Well Diameter 0.41 m 
Surface Temperature 15 °C 
Tower Approach Temperature 7 °C 
Well Roughness 55 μm 
Well Pattern 1 km2 Inverted 5-spot 
Primary Geothermal Fluid CO2 or Water 
Secondary ORC Fluid (Water Only) R245fa 



2.1 Darcy Analytical Solutions 

In [2], TOUGH2 was used to simulate the reservoir 
impedance and temperature depletion. We have since found 
that with 707 well spacing, the same as in the inverted 5-spot 
pattern used for the simulations in this paper, the temperature 
does not deplete substantially for at least 20 or 30 years 
[10,11]. As we are chiefly interested in the first decade of 
power generation, we assume the production temperature of 
the reservoir is equivalent to the initial reservoir temperature. 
The initial reservoir temperature is the product of geologic 
temperature and depth plus the surface temperature. Similarly, 
we have found that the reservoir impedance can be estimated 
as accurately as TOUGH2, but more quickly using an 
analytical solution. 

We provide three analytical solutions here: a square, 5-
spot well pattern (Section 2.1.1), a concentric circle 
approximation of a source-sink pair (Section 2.1.2), and a 
more exact solution for a source-sink pair using a potential 
function (Section 2.1.3). A source-sink pair is a source and 
sink spaced a non-zero distance apart, i.e. an injection and 
production well pair. We only use 5-spot reservoirs within the 
results reported in Section 3, but the others are reported for 
comparison. Note that a “source-sink pair” is commonly 
referred to as a “doublet” within the geothermal community; 
however, these have different meanings within fluid 
dynamics, thus the term “doublet” is avoided here. 

2.1.1 5-spot Analytical Solution 
The one-dimensional Darcy equation can be expressed in 

Equation 1, where ܲ  is the pressure, ߤ  is the dynamic 
viscosity of the fluid, ܸ  is the Darcy velocity, ߢ  is the 
permeability, and x is distance in the direction of fluid flow. 

 ݀ܲ ൌ െఓ∙௏

఑
 (1) ݔ݀

The continuity equation is shown in Equation 2, where the 
mass flowrate, ሶ݉ , is equal to the product of fluid density, ߩ, 
cross-sectional area, ܣ௖, and fluid velocity, ܸ. 

 ሶ݉ ൌ ߩ ∙ ௖ܣ ∙ ܸ (2) 

Equation 2 is substituted into Equation 1, yielding 
Equation 3. 

 ݀ܲ ൌ െఓ

ఘ

௠ሶ
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 (3) ݔ݀

For a one-quarter domain of a 5-spot configuration, the x-
axis is aligned on a line between the injection and production 
wells. The cross-sectional area, ܣ௖, along this line from the 
well to the midpoint is given in Equation 4, where ܾ is the 
reservoir thickness. 

௖ܣ  ൌ 2 ∙ ݔ ∙ ܾ (4) 

Combining Equations 3 and 4 and integrating from the 
well perimeter to the midpoint is given in Equation 5, where 
 is the distance between ܮ ଴ is the well boundary location andݔ
the injection and production wells. Integration yields Equation 
6, where ∆ܲ  is the pressure decrease from the well to the 
midpoint. 
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The pressure decrease for the entire well spacing, ܮ, is 
found by doubling Equation 6. The viscosity, ̅ߤ, and density, 
 are effective values within the entire reservoir. Also, the ,ߩ̅
well perimeter in this one-dimensional Cartesian space is a 
square, where each segment has a length of 2 ∙ ଴ݔ . Thus, 
equating the perimeter of a circle with diameter, ܦ , and a 
square with the same perimeter yields Equation 7.  

ߨ  ∙ ܦ ൌ 4 ∙ ሺ2 ∙  ଴ሻ (7)ݔ
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Substitution yields the reservoir impedance, ∆ܲ ሶ݉⁄ , in 
Equation 8 as a function of well diameter, ܦ. This is valid for 
all quadrants within a 5-spot reservoir. Note that the reservoir 
impedance is inversely proportional to the reservoir 
transmissivity, ܾߢ , which is the product of reservoir 
permeability and thickness. 

2.1.2 Source-sink Circular Analytical Solution 
A similar approach may be used to solve for the reservoir 

impedance of a source-sink pair. In this approximation, we 
assume the flow between the source and sink flows uniformly 
and radially in all directions, up to a radius of ܮ 2⁄ . For this 
source-sink pair, we use radial space and substitute ݀ݔ ൌ  ݎ݀
in Equation 1. The cross-sectional area of flow is the product 
of the circumference at that distance and the reservoir 
thickness, given in Equation 9. 

௖ܣ  ൌ 2 ∙ ߨ ∙ ݎ ∙ ܾ (9) 

By combining Equations 3 and 9, we obtain Equation 10, 
where ݎ଴  is the well radius. Integration yields Equation 11 
which is the pressure difference from the well to the midpoint. 
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Equation 11 is rearranged into the reservoir impedance of 
an approximate source-sink pair in Equation 12, where the 
well radius is half the well diameter. 
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Note that for large values of ܮ ⁄ܦ , the reservoir impedance 
of Equation 12 differs from the reservoir impedance of a 5-
spot (Equation 8) by a factor of ߨ. Additionally, in a 5-spot, 
the mass flowrate in the central injection well is four times 
greater than the mass flowrate in any of the quadrants. 
Therefore, for the same injection well mass flowrate, the 
source-sink domain mass flowrate is four times larger than the 
5-spot quadrant mass flowrate and the reservoir pressure 
difference then only differs by a factor of 4 ⁄ߨ . This 27% 
difference is due to the 27% smaller swept area of the source-
sink in this approximation. Thus, in Section 2.1.3, we use the 
potential functions to include the entirety of the reservoir area.  

2.1.3 Source-sink Potential Analytical Solution 
The pressure potential curve surrounding a source or sink 

does not have a constant radius, as is assumed in the earlier 
approximation. Thus, to gain a more precise solution, we 
integrate the distance of the potential curve surrounding the 
sink to obtain the cross-sectional area, given in Equation 13, 
where ݎଵ is the radius to the equipotential line from the sink 
and ߠ is the inclination. 



௖ܣ  ൌ ܾ ∙ ׬ ߠ݀	ଵݎ
ଶగ
଴

 (13) 

For source-sink potential flow, the stream potential, ߮, is 
given by Equation 14, where ܯ is the source-sink strength, ݎଵ 
is the radial distance from the sink and ݎଶ is the radial distance 
from the source [12]. 

 ߮ ൌ െ ெ

ଶగ
ln ቀ௥భ

௥మ
ቁ (14) 

On the shortest streamline which extends directly from the 
sink to source, the potential is Equation 15, evaluated where 
ଵݎ ൌ ଶݎ and ݎ ൌ ܮ െ  along this streamline, where L is the ݎ
distance between the sink and source. 

 ߮ ൌ െ ெ

ଶగ
ln ௥

௅ି௥
 (15) 

Equating Equations 14 and 15, yields Equation 16, which 
provides the distances ݎଵ  and ݎଶ  along a line of constant 
potential as a function of ܮ and ݎ. Equation 16 is solved for ݎଶଶ 
in Equation 17. 
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Separately, we find length ݎଶ as a function of ݎଵ and ߠ in 
Equation 18 using trigonometry. 

ଶଶݎ  ൌ ଵଶݎ ൅ ଶܮ െ 2 ∙ ܮ ∙ ଵݎ ∙ cos  (18) ߠ

Equating Equations 17 and 18, solving for ݎଵ, integrating 
according to Equation 13, and assuming large values of ܮ (i.e. 
ܮ ≫ 1) yields Equation 19. 
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భ
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మ
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The denominator in Equation 19 does not lend itself to 
simple integration. Thus, we make the approximation of 
Equation 20. This assumption preserves the anomaly 
occurring where ݎ ൌ ܮ 2⁄  in which the cross-sectional area 
becomes infinite. At the midpoint between source and sink, 
the line of equal potential is tangent to streamline, and extends 
to infinity. 
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Equations 19 and 20 are combined with Equation 3 in 
radial space (݀ݔ ൌ  .and integrated similar to Equation 10 (ݎ݀
The resulting reservoir impedance is given in Equation 21, 
where ݁ is Euler’s number. 
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Equation 21 is very similar to Equation 12, differing only 
by the factor of ݁ within the natural logarithm. The factor ܦ ⁄ܮ  
is comparatively small for large values of ܮ ⁄ܦ  and can thus 
be neglected. For reservoir length to well diameter ratios of 
1000 (i.e. ܮ ܦ ൌ 1000⁄ ), Equation 21 provides a reservoir 
impedance value approximately 15% smaller than Equation 
12. The impedance value decreases to 22% for a ratio of 100. 
This decreased impedance using the potential flow method is 
enabled by the infinite reservoir area of the source-sink pair. 

Care should be used with all three of these derivations as 
they are one-dimensional and assume a uniform velocity 
profile through a cross-sectional area. Thus, they do not 
account for flow deviations, heterogeneities, or buoyancy. 

They do, at minimum, provide an order-of-magnitude 
approximation of the reservoir behavior for use within a 
geothermal system. 

2.2 Wellbore Heat Loss 

Heat loss to the rock surrounding the wellbore is 
implemented using a semi-analytical approach. In each 
wellbore element that is numerically integrated [2], an 
analytical heat solution for a semi-infinite solid is applied 
from [13]. This approach assumes: heat conduction only 
occurs radially to the far-field and the wellbore wall 
temperature is constant with time. 

Similar to [2], the wellbore elements are evaluated 
numerically, with pressure (Equation 22) and energy 
(Equation 23) balances across each element, where ∆ݖ is the 
change in element elevation, ∆ ௅ܲ௢௦௦ is the pipe frictional loss, 
݄  is the enthalpy, ܳ௅௢௦௦  is the heat exchange to the 
surroundings, and ሶ݉  is the fluid mass flowrate. The pressure 
loss equation is identical to [2], while the energy equation 
includes the new heat exchange term. 

 ௜ܲାଵ ൌ ௜ܲ െ ߩ ∙ ݃ ∙ ݖ∆ െ ∆ ௅ܲ௢௦௦ (22) 

 ݄௜ାଵ ൌ ݄௜ െ ݃ ∙ ݖ∆ െ ொಽ೚ೞೞ
௠ሶ

 (23) 

The heat loss is solved using Equation 24 from [13], where 
݇ோ௢௖௞  is the thermal conductivity of rock, ߚ  is a non-
dimensional time-dependent factor, ௪ܶ  is the well wall 
temperature and ௘ܶ  is the far-field reservoir temperature at 
depth equal to the product of geologic temperature gradient 
and depth plus the average surface temperature. It is assumed 
that the well casing and fluid heat transfer resistances are small 
compared to conduction through the rock and are thus 
neglected. 

 ܳ௅௢௦௦ ൌ ݖ∆ ∙ 2 ∙ ߨ ∙ ݇ோ௢௖௞ ∙ ߚ ∙ ሺ ௪ܶ െ ௘ܶሻ (24) 

The wall temperature is an intermediate temperature 
between the wellbore fluid temperature and far-field rock 
temperature. Without any heat loss, the wellbore elements are 
assumed to be sufficiently long that the fluid temperature is in 
thermal equilibrium with the well wall. Thus, ௪ܶ is assumed 
to be the resulting fluid temperature for an enthalpy of ݄௜ and 
pressure of ௜ܲ if the heat loss term in Equation 23 were zero. 

The dimensionless factor beta is given by [13] as Equation 
25, where ݐௗ is the dimensionless time. 
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The dimensionless time, ݐௗ, is given in Equation 26, where 
 ݐ ோ௢௖௞ is the rock density, ܿோ௢௖௞ is the rock specific heat, andߩ
is the time. 
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௞ೃ೚೎ೖ

ఘೃ೚೎ೖ∙௖ೃ೚೎ೖ

ସ∙௧

஽మ
 (26) 

3 RESULTS AND DISCUSSION 

Using the updated wellbore and reservoir models 
described here, we obtained the results of Figure 2 for both 
CO2 and water as geologic working fluids. The results are for 
a geologic temperature gradient of 35 °C/km, depths of 1 to 7 
km, and reservoir transmissivities of 102 to 105 mD-m (102 



mD-m = 10-13 m3). The reservoir transmissivity of a porous 
medium is the product of permeability and thickness. Figure 2 
is a contour plot generated from 3050 individual simulations. 
In each simulation, a mass flowrate was used which 
maximizes the power generated. The fuchsia star indicates the 

power generated for the base-case of [2], a 2.5 km deep 
reservoir with 50 mD permeability and 300 m thickness (i.e. 
ܾߢ ൌ 15	000	mD‐m).

 

Fig. 2. Power generated per 5-spot for CO2 and water geothermal systems as a function of reservoir depth and transmissivity. A 35 °C/km geologic temperature 
gradient is assumed. The fuchsia star indicates the power generated for the base-case: a 2.5 km reservoir with 300m thickness and 50 mD permeability (i.e. 
15,000 mD-m transmissivity). 

Figure 2 shows that a direct CPG system can generate 
power at shallower depths and lower transmissivities than an 
indirect water system. If a power threshold minimum of 100 
kWe is selected, a CPG system generates power for reservoirs 
as shallow as 1 km with transmissivities of approximately 
32,000 mD-m. Similarly, a 3 km reservoir with a 
transmissivity of approximately 900 mD-m also generates 100 
kWe of electricity. Conversely, at a 3 km depth, the water 
geothermal system requires a half-order of magnitude larger 
transmissivity to generate 100 kWe, and there is no water 
geothermal system which will generate electricity at a depth 
of 1 km under these conditions. 

Power generation at shallow depths with the direct CO2 
system is possible due to two factors. 1) The viscosity of CO2 
is much lower than water at these depths and temperatures, 
resulting in low reservoir impedance which reduces the energy 
required to extract heat from the reservoir. 2) More 
importantly, power generation with water geothermal using an 
ORC fundamentally requires the transfer of thermal energy at 
the surface to a second power cycle. Given the low resource 

temperature of a 1 km system, the heat transfer inefficiencies 
result in little heat to drive the Rankine cycle. Conversely, in 
a direct CPG system, the subsurface heat addition in the 
reservoir and subsequent turbine and heat removal at the 
surface in-and-of-themselves constitute a Rankine cycle. 
Thus, the exergy does not need to be transferred (and lost) to 
a second system to generate electricity. This is a chief benefit 
of a CPG system—the reservoir is part of the Rankine cycle, 
simplifying the system and reducing the inefficiencies. 

Power generation increases with depth and transmissivity. 
This finding is consistent with our previous work [2], but is 
more directly illustrated here. In Figure 2, both the CO2 and 
water geothermal systems increase toward the upper-right 
corner. At low depth and transmissivity, the direct CO2 system 
generates more power. However, at a power generation 
contour of approximately 10 MWe, the water geothermal 
system begins to generate more power. At these depths and 
transmissivities, the low viscosity advantage of CO2 is 
diminished and supplanted by the high specific heat of water. 
Water is simply an excellent transporter of heat. 



4 CONCLUDING REMARKS 

In this work, we have shown our evolution in simulating 
both water and CO2 geothermal systems. We have shown two 
first-principle improvements that have reduced computational 
time to permit generation of large datasets: replacing the 
TOUGH2 reservoir model with a Darcy analytical solution 
and adding heat loss to surrounding rock within the wellbore. 
These improvements, especially the Darcy solution, have 
provided insight into the governing relations of our 
geothermal models. For instance, we now report all results as 
a function of transmissivity, rather than permeability, as this 
is the primary driver of reservoir pressure loss. 

In a perfect world, one could select the ideal geologic fluid 
to suit any specific site. However, the choice of CO2 or water 
for a site will probably not depend on geothermal power 
generation. CO2 will likely be sequestered for climate change 
reasons and the injection of CO2 at a site purely for geothermal 
reasons is not financially feasible. Thus, when presented with 
a site with an established subsurface fluid, Figure 2 will help 
in estimating the geothermal electricity generation potential. 

Lastly, the modeling and analysis here are only part of an 
ongoing effort to model geothermal energy generation within 
the Geothermal Energy and Geofluids (GEG) group at ETH 
Zurich. We continue to refine our models, and are working 
towards including cost and financing assumptions for future 
reporting. 
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