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ABSTRACT

Closed-loop geothermal systems, recently referred to as advanced geothermal systems (AGS), have received
renewed interest for geothermal heat and power production. These systems consist of a co-axial, U-loop, or other
configuration in which the heat transfer or working fluid does not permeate the reservoir but remains within a
closed-loop subsurface heat exchanger. Advocates indicate its potential for developing geothermal energy any-
where, independent of site-specific geologic uncertainties, and with limited risk of induced seismicity. Here, we
present a technical and economic analysis of closed-loop geothermal systems using a Slender-Body Theory (SBT)
model, COMSOL Multiphysics simulator, and the GEOPHIRES analysis tool. We consider a number of different
scenarios and evaluate the influence of variations in reservoir temperature (100 to 500°C), well termination
depth (2 to 4 km), mass flow rate (10 to 40 kg/s), injection temperature (10 to 40°C), fluid type (liquid water vs.
supercritical carbon dioxide), design configuration (co-axial vs. U-loop), and degree of reservoir convection
(natural, forced or conduction-only). The resulting average heat production rates range from about 2 to 15 GWh
per year for cases considering a co-axial design and from 9 to 67 GWh per year for cases with a U-loop design.
Assuming generous economic and operating conditions, estimates of levelized cost of heat range from ~$20 —
$110 per MWh (~$6 — 32/MMBtu) and ~$10 — $70 per MWh (~$3 - $20/MMBtu) for greenfield co-axial and U-
loop cases, respectively. In the scenarios in which electricity generation is considered, annual electricity pro-
duction ranged between 0.12 and 7.5 GWh per year at a levelized cost of electricity from roughly $83 to $2,200
per MWh. In all scenarios, the results exhibit a large rapid drop in production temperature after initiation of
operations that levels off to a steady value significantly below the initial reservoir temperature. Operating at
lower flow rate increases the production temperature but also lowers the total heat production. The consistently
low production temperatures hinder efficient electricity generation in most cases considered. Natural or forced
convection can increase thermal output but requires sufficiently high reservoir permeability or formation fluid
flow. As expected, overall system costs are heavily dependent on drilling costs; hence, repurposing existing wells
could significantly lower capital and levelized costs. In comparison with other types of geothermal systems, our
results for closed-loop geothermal systems predict long-term production temperatures considerably below the
initial reservoir temperature, and relatively high levelized costs for greenfield closed-loop geothermal systems,
particularly for electricity production, unless significant reductions in drilling costs are obtained.

1. INTRODUCTION

Although the geothermal resource base is vast — the accessible

thermal energy stored in the upper continental crust is several orders of
magnitude larger than the annual global primary energy demand
(Armstead and Tester, 1987; Rybach et al., 2000) — current installed
geothermal electric and thermal capacity is relatively small. As of 2019,
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LIST OF SYMBOLS

a Geothermal Gradient [°C-m ']
Cos Specific Heat Capacity of Fluid [J-kg '-K™!]
Hydraulic diameter of pipe [m]
f Darcy friction vector [-]
fw Ramey Time Function
fijmn Temperature change at element i at the end of time step m

as a result of the heat pulse at element j during time step n.

g Acceleration due to gravity [9.81 m-s~ %]
H Height of Fracture [m]
h Convective heat transfer coefficient [W~m’2~K’1];Speciﬁc
Enthalpy [J-kg™']
k, Rock Thermal Conductivity [W-m LK1
m Mass flow Rate [kg-sfl]
P Fluid Pressure [Pa]
Q Heat Exchange between fluid and the rock [W-m™ 1]
Qjn Heat Pulse at element j during time step n [W-m ']
R; Thermal Resistance [W-m™ 1K ']

ri Inner radius of the pipe [m]

To Outer radius of the pipe [m]

T'co Casing Outer Radius [m]

To Tock temperature at the inlet [°C]

Ty Fluid Temperature [°C]

T; Fluid temperature at inlet [°C]

Tim Temperature in each pipe element i at the end of time step
m [°C]

T, Rock Temperature [°C]

t Time [s]

U Overall Heat Transfer Coefficient [W-m 2-K 1]

v Fluid Velocity [m-s 1]

w Width of Fracture [m]

Z Local axial coordinate along the heat exchanger in the flow
direction [m]

a, Rock Thermal Diffusivity [m2s~']

0 Angle made by the fluid flow direction with the horizontal
[deg]

P Fluid Density [kg-m ]

installed worldwide capacity is limited to roughly 16 GW, in electricity
production (Huttrer, 2020) and 30 GWy, in direct-use heat systems
(excluding ground-source or “geothermal” heat pumps) (Lund and Toth,
2020). Most systems today produce fluids from highly-permeable,
high-temperature reservoirs, also referred to as hydrothermal systems,
which are geographically limited and scarce. Much more common are
formations where heat is present, but in-situ fluids are lacking or natural
permeability is low, hindering profitable production. Efforts to utilize
these unconventional geothermal systems are referred to as enhanced
geothermal systems (EGS), and often involve the stimulation of fluid
flow pathways within the bulk rock using hydraulic, chemical and
thermal techniques that create or re-open existing fracture networks.
Although technical feasibility has been demonstrated at several sites,
challenges remain for EGS to become a reliable and
financially-appealing approach to harness geothermal energy on a
global scale.

1.1. Closed-Loop Geothermal Systems

Another approach for extracting heat from low-permeability for-
mations is utilizing closed-loop geothermal systems. With these systems,

<)

Fig. 1. Common AGS designs with fluid color in wells representing arbitrary
temperature (blue = cold; red = hot). a) Vertical co-axial or “pipe-in-pipe”
system with insulation (e.g., vacuum insulated tubing) between annulus and
center pipe. Diagram shows cold fluid injection in the annulus and hot fluid
production through the center pipe; certain designs consider reverse flow; b)
Co-axial system similar to a) but with horizontal extension; c¢) U-loop system
with injection in one well, production through a second well, and one or
multiple horizontal laterals connecting the two wells. Schematics are not to
scale. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the heat transfer or working fluid (e.g., water or supercritical CO,
(sCO2)) does not permeate the reservoir. Instead, fluids circulate
through a closed-loop wellbore system that exchanges heat with the
surrounding bulk rock. Although closed-loop designs have been pro-
posed for nearly a century (Hodgson, 1927), they have recently received
considerable attention and commercial investment and have been
referred to as Advanced Geothermal Systems (AGS). Proponents of AGS
indicate that no reservoir stimulation is required, lowering the risk of
induced seismicity and avoiding the technical challenge of creating a set
of fractures with sufficient area and without short circuits. Other ben-
efits are that AGS can be applied to repurpose abandoned or
ill-producing wells, or extract heat from a reservoir without producing
reservoir fluids to avoid challenging fluid chemistry or insufficient
subsurface fluid pressures. However, AGS introduces new challenges
such as obtaining sufficient contact area with the rock for sustained and
acceptable rates of heat extraction, as well as the need in certain designs
to drill and connect multiple loops of horizontal wells at acceptable
Costs.

Significant debate remains on feasibility, performance and cost-
competitiveness of AGS. Various claims have been made in literature
and industry regarding their cost and output, but underlying assump-
tions are not always reported. In some circumstances, no clear distinc-
tion is made between heat and electricity, for example. In others,
reported performances appear to be unrealistically favorable. With
various assumptions for subsurface and operating conditions, comparing
designs and determining the ideal system for a certain resource is
challenging. With recent uptake in interest and investment in closed-
loop geothermal, a careful and independent evaluation of the techno-
economic performance of these systems is both timely and desirable.
Here, we address this outstanding need by evaluating the techno-
economic performance of a variety of potential AGS wellbore designs,
configurations, and operating conditions, and calculate corresponding
values for levelized cost of heat (LCOH) and levelized cost of electricity
(LCOE). Using a combination of an analytical model, a finite element
numerical simulator, a reservoir heat transfer simulator based on the
Slender Body Theory (SBT), and the GEOPHIRES techno-economic
simulator, we determine the thermal output, electricity production,
and estimated capital and levelized costs of heat and electricity.
Through our analysis, we systematically explore the influence of several
parameters including depth, reservoir temperature, reinjection tem-
perature, and mass flow rate. In addition, the potential advantage of
convective and/or advective heat transfer from in-situ fluids surround-
ing the closed-loop is quantitatively assessed.
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AGS studies reviewed in literature, summarizing the AGS type considered, the bottom-hole temperature, AGS depth, AGS horizontal length (if applicable), fluid type,

fluid flow rate, and major findings on techno-economic performance.

Study AGS Type Bottom-hole AGS AGS Flow Rate Fluid type  Findings on techno-economic performance
Temp-erature Depth Horizontal
length
Horne (1980) Co-axial 100°C 200 m N/A 1 to 40 kg's 1 Water 5 to 60 kWy, of heat production
Morita and Tago Co-axial 260 to 320°C 2 km N/A 11 to 21 kgs™* Water Heat output on the order of 1 MWy, converting to 50
(1995) and Morita to 100 kW, of electricity
et al. (2005)

Bobok et al. (2007) Co-axial 120°C 2 km N/A 1to15kgs* Water Long-term production temperatures in the range 25
to 65°C (higher temperature for lower flow rate) and
thermal power in the range 200 to 350 kW, (higher
power for higher flow rate)

Nalla et al. (2005) Co-axial 350°C 5.6 km N/A 1.3 to 32 kg-s’1 Various Maximum electricity production of 50 kW,

Riahi et al. (2017) Co-axial 240°C 2.5 km 1.1 km 60 kg's’1 Water Heat production on the order of 3 MWy,

(Xu et al., 2020) Co-axial 77°C 28km N/A 15 to 30 kg-s Water Production temperatures in the range 35°C to 55°C,
and heat production in the range 300 kWy, to 700
kWn; Porosity and permeability have negligible
impact on the performance; Intermittent operation
results in higher heat production during circulation

Fox and Higgins Co-axial 680°C 55km  N/A Not reported sCO, 1 MW, of power production over 25 year lifetime;

(2016) Minimum 100 m of well spacing limits the
degradation due to thermal interference between the
wellbores

Higgins et al. (2019);  Co-axial with Local gradient 330 m N/A 23t030kgs 'for  Water Demonstration of GreenFire Energy system at Coso

Amaya et al. brine flow in of 120°C-km™! water; 1.5 to 5.5 and sCO, geothermal field; Tests validated their models and

(2020; 2021) annulus kg-s~! for sCO, indicate power production up to 1.2 MW,. sCO, tests
solely driven by thermosiphon effect with power
production in the range 5 to 30 kWe.

Scherer et al. (2020) Co-axial ~500°C 4 km 4 km Not reported sCO, Power production of 1 MW, assuming thermal
conduction-only in the reservoir

Oldenburg et al. U-loop 250°C 25km 1.1 km 6 t0 90 kg-s~! Water Estimated enthalpy gains in the range 1 to 6 MW;

(2016) and sCO, Low injection temperatures and high reservoir
permeability significantly increase the energy gain

Riahi et al. (2017) U-loop 240°C 25km 1.1 km 60 kg-s~! sCO4 Enthalpy gain around 2 MW

Esmaeilpour et al. U-loop 130°C 4 km 4 km 1to 10 kg-s™* Water Heat production on the order of 2 MWy, for 5 kg-s !

(2021) flow rate
Malek et al. (2021) U-loop 138°C 3.5km 4 loops of 5 27 kg-s~* for Water Optimal net electricity generation of 174 kW, for
km each water and 53 and CO, water as heat transfer fluid and 313 kW, for COs;
kg-s~! for CO, Capital costs estimated at $136M for the water-based
system ($785,000/kW,) and $156M for the CO,-
based system ($498,000/kW.).
Zhang et al. (2021) U-loop 45 to 95°C 25km 450 m 17 to 33 kg-s ! Water Heat production in the range 600 to 1,300 kW,
Van Oort et al. U-loop 222°C 7 km 7 km 97 kg-s™* Water Heat production during first 20 hours on the order of
(2021) 50 MWy,; We conducted Long-term simulations for
this design (see Appendix A5) and found that heat
production would quickly drop and average about 5
MWy, over a 20 year lifetime.
Vany et al. (2020); ( U-loop 75°C 2.4km  2lateralsof 2  Not reported Not Demonstration project of Eavor-Loop technology in
Eavor 2021) km each reported Alberta, Canada; Thermal output on the order of 800

kWi,

1.2. Literature Review

Various closed-loop configurations have been proposed, including a
co-axial (“pipe-in-pipe”) wellbore heat exchanger in a vertical well
(Fig. 1a) and in a vertical well with horizontal extension (Fig. 1b), and a
U-loop piping configuration where one or several long horizontal heat
exchangers connect an injection well to a production well (Fig. 1c). AGS
do not require reservoir permeability (either through the rock matrix or
a fracture network) nor naturally-occurring reservoir fluids for their
operation. However, in conduction-dominated reservoirs, limited con-
tact area between the boreholes and the host rock, and low rock thermal
conductivity and diffusivity, limit the rate of heat production these
systems can provide. The relatively slow rate of replenishment of ther-
mal energy extracted in the vicinity of the wellbore hinders achieving
high thermal performance over a long time period (Wang et al., 2010;
Cheng et al., 2013; Wang et al., 2021). Certain designs attempt to
overcome this limitation by employing multiple closed-loop heat ex-
changers in parallel to increase the heat transfer contact area with the
rock, or by targeting very hot reservoirs, where high rock temperatures
cause steep temperature gradients and partially compensate for limited

heat transfer area. Other designs propose developing AGS in hot and
permeable sedimentary aquifers, where fluid flow—either
gravity-driven or forced—may sufficiently fast replenish depleted heat
surrounding the borehole. Some designs propose hybrid AGS/EGS con-
figurations involving convective fluid flow in existing or created frac-
tures in the rock. Some systems focus on power production and circulate
the working fluid directly in the closed-loop heat exchanger. AGS has
also been proposed to repurpose idle or abandoned (but not plugged)
geothermal, oil or gas wells and in areas where hydraulic stimulation is
banned. In certain cases, idle wells in existing geothermal fields may be
unable to produce fluid due to reservoir hydraulic drawdown con-
straints, permit limitations, presence of high levels of non-condensable
gases, or aggressive fluid chemistry that could result in scaling or
corrosion. AGS has been proposed for such wells to deliver heat to the
surface without fluid extraction from the reservoir.

Over the last several decades, a number of studies have been con-
ducted to investigate AGS designs for particular wellbore geometries,
reservoir conditions, and operating conditions (Table 1). These studies
generally provide anticipated production temperatures, and in some
cases, reservoir heat extraction and power production levels based on a
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Fig. 2. Schematic representation of AGS configurations studied. Co-axial cases
include injection in the annulus (CXA) and in the center pipe (CXC), as well as
one CXA with a horizontal extension. U-loop cases include one lateral (U1), two
laterals (U2), five laterals (U5) and thirteen laterals (U13). Arrow indicates
injection (blue) and production (red) of fluid. Diagrams are not to scale. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

variety of assumptions and modeling approaches. The assumptions and
results of many of these studies are summarized in Table 1. Co-axial or
U-loop AGS designs are considered in most studies and results are largely
based on model simulations, although a few involve field observations
from demonstration sites.

Review of these AGS studies reveals a wide range in estimated per-
formance, from 10’s of kW to 10’s of MW in energy production,
depending on design, depth, flow rate, bottom-hole temperature, etc.
However, systematic comparison among studies to deduce optimal
systems or find trends is non-trivial as underlying assumptions and re-
sults vary widely. In a few cases, it is not clear whether reported output
power estimates refer to heat or electricity. Common findings, however,
do include a rapid drop in production temperature before leveling off to
a near steady-state temperature, and relatively low production tem-
peratures in many cases, which hinder effective power production with a
heat-to-electricity conversion cycle. For generating electricity, some
studies suggest that sCO5 may have promise as working fluid with AGS
(Oldenburg et al,,2016; Fox et al., 2016; Scherer et al., 2020). Only
limited economic results are reported in literature, which indicate
relatively high costs, but comparisons with performance of traditional
geothermal systems or EGS are generally not included.

2. STUDY OBJECTIVE AND OUTLINE

Here using a common approach and careful sensitivity analysis we
conduct a systematic evaluation of the technical performance and cost-
competitiveness of closed-loop geothermal systems for heat production
and electricity generation for a variety of designs, operational configu-
rations, and subsurface conditions. We consider both co-axial and U-
loop designs, and investigate the impact of different depths, tempera-
tures, permeabilities, flow rates, and injection temperatures on system
performance. We also consider both water and sCO; as heat transfer/
working fluids, and consider the influence of natural or forced convec-
tion. Using validated numerical models, we simulate and assess sub-
surface heat extraction with closed-loop systems over a 20-year lifetime
and compare results with reported performance for existing hydro-
thermal systems. We also conduct a first-order economic analysis to
estimate capital costs, and LCOH and LCOE values, which we also
compare to the economics of traditional geothermal systems.

Geothermics 100 (2022) 102318

In Section 3 we describe our approach. AGS heat transfer simulations
are conducted with a transient heat conduction simulator based on a
slender-body theory (SBT) model (Beckers et al., 2015) implemented in
MATLAB (MathWorks, 2020) and the finite element numerical simulator
COMSOL Multiphysics®2 (COMSOL, 2019), and economic performance
is evaluated using the GEOPHIRES v2.0 techno-economic assessment
tool (Beckers and McCabe, 2019). In Section 4 we present and discuss
the results of a wide range of different case scenarios that allow us to
assess the influence of different parameters on produced temperature,
heat and electricity, and overall economics. We then discuss the impli-
cations of these results and present summary conclusions in Section 5. As
appendices, we also provide a detailed description of the SBT model in
Appendix Al and multiple model validations in Appendices A2-A4. In
Appendix A5 we also present a much longer-term assessment of a deep
U-loop configuration previously considered with intriguing results by
Van Oort et al. (2021) for short timescales.

3. METHODOLOGY

Based on the range of designs presented in the literature (Table 1;
Section 1.2), we consider two different styles of AGS: co-axial and U-
loop systems. For the co-axial cases, we consider both a wellbore that is
entirely vertical to the target depth and an alternative case where a long,
horizontal section is extended at the bottom of the vertical section
(Fig. 2). For the U-loop cases, we consider configurations with a number
of horizontal laterals ranging from one to thirteen (Fig. 2). For both the
co-axial and U-loop designs, we simulate several cases to allow for
investigation of the thermal and economic performance over a 20-year
lifetime for a variety of subsurface temperatures ranging from 100 to
500°C, injection temperatures ranging from 10 to 40°C, and mass flow
rates ranging from 10 to 40 kg-s~'. In addition, we consider different
fluid types (water or sCO53), and reservoirs with and without convection.
In total, we evaluate 34 cases for direct-use heating and 6 cases for
electricity generation.

We conduct reservoir heat transfer simulations using three different
model frameworks: (1) a hybrid numerical-analytical model using
Slender-Body Theory (SBT) (Beckers et al., 2015); (2) a numerical finite
element solver using the commercial COMSOL software; and (3) a
simple, analytical solution for wellbore heat transmission (Ramey,
1962). These three models vary in ease-of-use, computational efficiency,
and capabilities. The analytical model by (Ramey, 1962) is an
easy-to-use analytical solution that provides rapid estimation of the
long-term performance of a straight heat exchanger in a conduction-only
reservoir (see Appendix A2), whereas COMSOL is a
computationally-intensive simulator able to handle various AGS con-
figurations and reservoir conditions, requiring more user experience.
The SBT model represents an intermediate approach which provides
accurate simulations in a computationally-efficient fashion. Both SBT
and COMSOL are employed to simulate the co-axial AGS cases in
conduction-only reservoirs. For the U-loop cases in conduction-only
reservoirs, we predominantly use the SBT model with the COMSOL
and Ramey models providing validation. The natural convection cases
are simulated with COMSOL, while the forced convection cases are
simulated with the SBT model. The physical properties, dimensions,
initial and boundary conditions, and other assumptions are presented
along with the results for each particular case scenario in Section 4. To
validate our models, we simulate multiple AGS cases with SBT, COMSOL
and the Ramey model. These validation results are presented in
Appendices A2, A3, and A4.

3.1. Slender-Body Theory (SBT)

The SBT model is a hybrid model that discretizes the wellbore
numerically but solves heat transfer between the wellbore and the rock
using analytical equations based on Green’s functions. The model was
originally developed by Beckers et al. (2015) for transient heat transfer
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Co-axial AGS cases simulated to investigate impact of reservoir temperature. Heat transfer within reservoir is through heat conduction only. Case 1 represents the co-
axial AGS base case. The changes with respect to the base case are highlighted in bold. CXA = co-axial with injection in annulus; SBT = Slender Body Theory Model;

COM = COMSOL Model.

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator

1 CXA 200°C 2 km 0 km 20°C 20 kg-s~! Water  SBT/
COM

2 CXA 150°C 2 km 0 km 20°C 20 kg-871 Water SBT/
COM

3 CXA 300°C 2 km 0 km 20°C 20 kg-s~! Water  SBT/
COM

4 CXA 500°C 2 km 0 km 20°C 20 kg-871 Water SBT/
COM

simulations with U-loop type heat exchangers with only heat conduction
in the reservoir, and water with constant thermo-physical properties as
heat transfer fluid. The model was updated for the present work to ac-
count for pipe-in-pipe configurations, multiple horizontal laterals, other
heat transfer fluids than water, variable fluid properties as a function of
pressure and temperature, and forced uniform water flow in a permeable
reservoir. The SBT model can simulate multiple, curved and
thermally-interacting  heat exchangers in reservoirs  with
conduction-only heat transfer or forced uniform convection, but not
natural convection. The SBT model obtains fast computational times on
the order of a few seconds as a result of (1) the use of a hybrid approach
only requiring a one-dimensional discretization along the heat
exchanger instead of a full three-dimensional discretization of the
reservoir domain, (2) further simplification of the analytical reservoir
heat transfer equations by taking advantage of the slenderness of the
heat exchanger and the large spatial extent of the reservoir (e.g., in
certain cases, a cylindrical source can become a line source, a point
source, or can even be neglected), and (3) incorporating the fast
multipole method (Greengard and Rokhlin, 1987) to combine point
sources in space and time. More information on the SBT model is pro-
vided in Appendix Al.

3.2. COMSOL Multiphysics

The software COMSOL Multiphysics v5.5 (COMSOL, 2019) is a
commercial finite element numerical simulator and is used in this study
to provide validation for the SBT simulations and to simulate vertical
co-axial and U-Loop configurations in the presence of natural convection
in the reservoir. Vertical co-axial AGS configurations are implemented
using a two-dimensional axisymmetric model that solves for the coupled
fluid flow and heat transport in the heat exchanger, within the rock
formation, and in between. The element height (axially) is kept constant
at 50 m; the element width varies radially and starts at 0.05 m close to
the wellbore with a total of ~2500 mesh elements. Computation time for
simulations with this model is on the order of 1 to 2 minutes. In contrast,
U-loop configurations require a full three-dimensional implementation,
resulting in simulation times of several hours with several million
tetrahedral mesh elements.

3.3. GEOPHIRES

Potential for electricity generation is estimated using GEOPHIRES
v2.0. When water is used as a circulating fluid, heat is converted to
electricity using an Organic Rankine Cycle (ORC) power plant. Exergy is
calculated for the produced fluid combined with a utilization efficiency
reflecting the conversion from exergy to electricity. In case of sCOs, the
fluid directly drives a turbine to generate electricity. GEOPHIRES v2.0
was also used to perform a high-level economic assessment and estimate
the LCOH and LCOE for produced heat and electricity, respectively.

4. RESULTS AND DISCUSSION
4.1. Overview of Simulated AGS Cases

In our assessment, we consider 40 AGS cases. Details of the as-
sumptions and results of the different cases are presented in the
following subsections and presented in a manner that allows for the
influence of various factors or conditions to be assessed. About half of
the cases assume a co-axial configuration (Fig. 2), most of them with
fluid injection in the annulus (CXA). One co-axial case considers fluid
injection in the center pipe (CXC), and one case assumes a CXA design
with a horizontal extension. The remaining cases assume a U-loop
configuration with one (U1), two (U2), five (U5), or thirteen (U13)
horizontal laterals (Fig. 2), branching out from a single injection well
and single production well. We first assess the thermal performance of
AGS in conduction-only reservoirs (Section 4.2), followed by AGS
thermal performance in reservoirs with natural and forced convection
(Section 4.3). Section 4.4 presents simulation results considering elec-
tricity production. AGS capital and levelized cost estimates are discussed
in Section 4.5.

All 40 cases assume: (1) temperature at ground surface is 20°C; (2)
rock thermal conductivity is uniformly 2.83 W-m’1~K’1; (3) the bulk
rock density is 2,875 kg~m’3; and (4) the specific heat capacity of the
bulk rock is 825 J-kg }-K~!. For CXA and CXC, the inner radius of the
center pipe is 0.0635 m (5-inch inner diameter), the thickness of the pipe
is 0.0127 m (0.5 inch), and the thermal conductivity of the pipe material
(assuming vacuum insulation) is 0.006 W-m~1.K"!. The well radius for
the co-axial systems is 0.1143 m (9-inch diameter). The thermal influ-
ence of the casing material and the annulus-filling cement are assumed
negligible. All cases assume continuous operation (i.e., with utilization
factor of 100%) over a 20-year lifetime. The U-loop cases assume a
constant radius of 0.0762 m (6-inch diameter) for the vertical wells and
horizontal laterals, neglecting the thickness of tubing, casing and
cement (i.e., an “open hole” well completion). The U2 scenario has a 200
m spacing between the two laterals. In the U5 scenario, there is one
straight lateral and four gently curved laterals (uniformly distributed)
spaced 250 m from the center lateral at the midpoint. In the U13 sce-
nario, there are one straight lateral, eight gently curved laterals (uni-
formly distributed) spaced 125 m from the center lateral at the
midpoint, and four gently curved laterals (uniformly distributed) spaced
250 m from the center lateral at the midpoint. Four cases consider sCO5
instead of water and assume high injection temperature (40°C) and high
injection pressure (107 Pa) to ensure operation above the critical point of
CO, (31°CG; 74.10° Pa). Cases with natural convection assume an
isotropic porosity of 5% and pore compressibility of 7.25-107 12 Pa~1,

For the cases with conduction-only in the reservoir (Section 4.2),
parameters such as reservoir temperature (150 to 500°C), injection
temperature (10 to 40°C), flow rate (10 to 40 kg~s’1), and working fluid
(water or sCO2) are varied to determine their impact on thermal per-
formance. Other parameters are kept constant in each simulation,
however, others have shown they could have a significant impact on
system performance. For example, bulk rock thermal conductivity
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Effect of Reservoir Temperature
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Fig. 3. Co-axial AGS simulation results for production temperature (°C) and
produced heat (MWy,) for different reservoir temperature. Case 1 represents
base case with reservoir temperature of 200°C. Cases 2 through 4 consider
different reservoir temperature and depth. The base case yields long-term heat
production of 0.57 MWy, with long-term production temperatures about 7°C
above the injection temperature. All cases assume CXA configuration, reservoir
depth of 2 km, and water as heat transfer fluid with flow rate of 20 kg-s! and
injection temperature of 20°C.

ranges from roughly 1 to 7 W/m-K (Robertson, 1988); larger values tend
to increase production temperatures and heat production (Esmaeilpour
et al., 2021; Xu et al., 2020). In each case, a linear initial temperature
profile (i.e., constant geothermal gradient) was assumed in the reservoir
domain with 20°C at the surface and a certain reservoir temperature at a
specific depth. For example, Case 1 assumes 200°C at 2 km depth, cor-
responding to a geothermal gradient of 90°C/km.

4.2. AGS thermal performance with heat conduction-only in reservoir
4.2.1. Co-axial AGS thermal performance in conduction-only reservoirs

4.2.1.1. Base case and impact of reservoir temperature. As a base case co-
axial AGS design we consider a 2 km vertical well and 200°C reservoir
temperature, operating with water as the heat transfer fluid at an in-
jection temperature of 20°C and flow rate of 20 kg-s~! (Table 2). The
solid blue curve in Fig. 3 illustrates the results of production temperature
and heat production over time. As observed in previous studies, values
are relatively high immediately after the start of operation, but then
rapidly fall to much lower values. For this base case scenario, the
average production temperature is ~27°C (7°C above the injection
temperature), corresponding to ~0.57 MWy, of heat. These relatively
low production temperatures on the order of 20°C to 60°C — as
observed for many of the cases studied in Section 4.2 — are too low for
electricity generation and are therefore only considered for direct-use
heating. Different scenarios are investigated in Section 4.4 for elec-
tricity generation (including higher reservoir temperatures and lower
flow rates, which result in higher production temperatures).

The dashed and dotted orange, green and red curves in Fig. 3 show
the results from similar cases (2, 3, and 4) but with reservoir

Table 3
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temperature of 150°C, 300°C, and 500°C, respectively. The relationship
between reservoir temperature and thermal output (production tem-
perature and heat production) is linear. For a reservoir temperature of
150°C, average heat production is on the order of 0.4 MWy, compared to
0.6 MWy, for 200°C, 0.9 MWy, for 300°C, and 1.5 MWy, for 500°C.The
“low-temperature” scenario with 150°C at 2 km depth (Case 2) corre-
sponds to a medium-grade resource with geothermal gradient of 65°C/
km. Scenarios with lower reservoir temperatures would result in even
lower thermal performance and are not further considered in this study.

4.2.1.2. Impact of depth in co-axial systems. Because one of the primary
means of targeting higher reservoir temperature is to drill deeper, we
also consider the influence of depth on thermal performance (Table 3,
Fig. 4). Keeping the reservoir temperature 200°C but adjusting the depth
at which it occurs (at 3 km in Case 5; at 4 km in Case 6), we find an
approximate linear increase of long-term heat production with depth.
For a 3 km deep co-axial AGS system (Case 5), the heat production in-
creases to 0.85 MWy,; for a 4 km deep system (Case 6), the long-term
heat production is 1.1 MWy,. Although the reservoir temperature is
the same in these cases, increasing the heat exchanger area results in an
increase in production temperature and heat production.

4.2.1.3. Impact of injection temperature in co-axial systems. Whereas
Sections 4.2.1.1 and 4.2.1.2 demonstrate the influence of the reservoir,
we now investigate operational considerations for co-axial systems,
including injection temperature, flow rate and fluid type. We start with
cases 7 and 8 that keep the same parameterization as the co-axial base
case (Case 1), but have injection temperatures of 10 and 40°C rather
than 20°C (Table 4). Fig. 5 illustrates that a lower injection temperature
results in lower production temperatures but larger temperature gains (i.
e., difference between injection and production temperature. The

Effect of Reservoir Depth
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Fig. 4. Co-axial AGS simulation results for production temperature (°C) and
produced heat (MWy,) for different reservoir depth. Case 1 represents base case
with reservoir temperature of 200°C. Cases 5 through 6 consider different
reservoir depths. All cases assume CXA configuration, reservoir temperature of
150°C, and water as heat transfer fluid with flow rate of 20 kg-s~* and injection
temperature of 20°C.

Co-axial AGS cases simulated to investigate impact of reservoir depth. Heat transfer within reservoir is through heat conduction only. Case 1 represents the co-axial
AGS base case. The changes with respect to the base case are highlighted in bold. CXA = co-axial with injection in annulus; SBT = Slender Body Theory Model; COM =

COMSOL Model.

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg~s’l) Fluid Simulator

1 CXA 200°C 2 km 0 km 20°C 20 kg-s~! Water  SBT/
COM

5 CXA 200°C 3 km 0 km 20°C 20 kg-fl Water SBT/
COM

6 CXA 200°C 4 km 0 km 20°C 20 kg-s~! Water  SBT/

coM
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Table 4

Co-axial AGS cases simulated to investigate impact of injection temperature. Heat transfer within reservoir is through heat conduction only. Case 1 represents the co-
axial AGS base case. The changes with respect to the base case are highlighted in bold. CXA = co-axial with injection in annulus; SBT = Slender Body Theory Model;
COM = COMSOL Model.

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator

1 CXA 200°C 2 km 0 km 20°C 20 kg-s~! Water  SBT/
COM
7 CXA 200°C 2 km 0 km 10°C 20 kg-s’1 Water SBT/
COM
8 CXA 200°C 2 km 0 km 40°C 20 kg-s~! Water  SBT/
COM
Effect of reinjection temperature Fig. 5. Co-axial AGS simulation results for
production temperature (°C) and produced heat
:O 80F | == Reinjection temp. = 20°C (Case 1) mm— Reinjection temp. = 20°C (Case 1) (MWy,) for different injection .teml')efatu.re.
-~ == == Reinjection temp. = 10°C (Case 7) —=10r . Reinjection temp. = 10°C (Case 7) Case 1 represents base case with injection
g « == Reinjection temp. = 40°C (Case 8) = | =« =s Reinjection temp. = 40°C (Case 8) | temperature of 20°C. Case 7 and 8 consider
% = injection temperature of 10°C and 40°C,
b 60 c respectively. Injection temperature has moder-
o . -
Q = ate impact on thermal performance with lower
GE, B % injection temperature resulting in lower pro-
: 40 B3 N ——— duction temperature but higher heat output. All
o s 05F1 ‘-, cases assume CXA configuration, reservoir
g = "'--.......--......... temperature of 150°C at 2 km depth, and water
'8 20F N R % as helat transfer fluid with flow rate of 20
E 1 1 1 1 1 1 N 1 1 kgS :
0 5 10 15 20 0 5 10 15 20
Time (years) Time (years)
Table 5

Co-axial AGS cases simulated to investigate impact of flow rate. Heat transfer within reservoir is through heat conduction only. Case 1 represents the co-axial AGS base
case. The changes with respect to the base case are highlighted in bold. CXA = co-axial with injection in annulus; SBT = Slender Body Theory Model; COM = COMSOL
Model.

CaseNo. AGSType Reservoir Temperature (°C)  Reservoir Depth (km)  Lateral Length (km)  Injection Temperature (°C) ~ Flow Rate (kg-s™!)  Fluid Simulator

1 CXA 200°C 2 km 0 km 20°C 20 kg-s~! Water SBT/
COM
9 CXA 200°C 2 km 0 km 20°C 10 kgs~! Water  SBT/
COM
10 CXA 200°C 2 km 0 km 20°C 40 kgs™! Water SBT/
COM
Effect of mass flow rate Fig. 6. Co-axial AGS simulation results for production tem-
G - - perature (°C) and produced heat (MWy,) for different flow
e 50k f m j 20 kgfs (Case 1) —~1.00} —_—m= 20 kg/s (Case 1) rates. Case 1 represents base case with flow rate of 20 kg-s™'.
1 —om= 10 kg/s (Case 9) =3 == == m =10 kg/s (Case 9) Cases 9 and 10 consider flow rate of 10 and 40 kgs™?,
% *re m=40kgfs (case 10) = reee m=40kg/s (case 10) | respectively. Operating at 10 kg-s~' results in a higher pro-
g a0+ S 0751 duction temperature and slightly lower heat production. At
IS 5 very low flow rates (~1 kg-s™!), long-term production tem-
3 So — 3 peratures reach over 100°C, but heat production drops by more
5 T ———. g than 50%. All cases assume CXA configuration, reservoir
k5] 30r L ® 0.50r temperature of 150°C at 2 km depth, and water as heat transfer
-§ S L fluid with injection temperature of 20°C.
j-
& 20l L : : : 0.25 : v . :
5 10 15 20 0 5 10 15 20
Time (years) Time (years)
relationship between injection temperature and heat production is 4.2.1.4. Impact of flow rate in co-axial systems. To assess the impact of
approximately linear: a decrease in injection temperature results in a mass flow rate, we again start with the co-axial base case (Case 1) but
linear increase in heat production. Injection temperatures are dependent evaluate the effect of using a fluid rate of 10 and 40 kg-s~! rather than 20
on the surface application. For example, electricity generation typically kg-s~! (Table 5). Amongst the model results, a lower flow rate (Case 7)
results in relatively high injection temperatures while heat pumps can results in a higher production temperature but slightly lower heat output
achieve relatively low injection temperatures. (Fig. 6). Keeping everything else constant, varying the flow rate allows

to reach the target temperature as required for a certain surface
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Co-axial AGS cases simulated to investigate impact of utilizing sCO- as heat transfer fluid instead of water. Heat transfer within the reservoir is through heat conduction
only. Case 8 represents the co-axial AGS base case but with 40°C injection temperature. CXA = co-axial with injection in annulus; SBT = Slender Body Theory Model;

COM = COMSOL Model.

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator
8 CXA 200°C 2 km 0 km 40°C 20 kg-s~! Water  SBT/
COM
11 CXA 200°C 2 km 0 km 40°C 20 kg-s’1 sCOy SBT
Effect of working fluid type Fig. 7. Co-axial AGS simulation results for production tem-
~ 55F perature (°C) and produced enthalpy (MWy,) when using sCO,
O = \Vater (Case 8) 1.0F m— \Vater (Case 8) . . - . e e
(29 — - SCO, (Case 11) -1 $CO, (Case 11) (Case 11) in comparison with the base case with 40°C injection
o 2 = 2 temperature (Case 8). With all other conditions identical, uti-
% 50r 2 0.38f lizing sCO, instead of water results in 40% lower enthalpy
s c . . . . .
] L s gain. However, no pumping power is required with sCO2 as
g' 45+ o 0.6 heat transfer fluid (Case 11), while, when utilizing water (Case
i) -§ 8), average pumping power is 9.5 kWe. All cases assume CXA
.g - - 5 0.4r configuration, reservoir temperature of 150°C at 2 km depth,
G 40r - - fluid flow rate of 20 kg-s~* and fluid injection temperature of
3 0 0.2r 20°C
o * ’
[« 35 L 1 1 L 1 1 1 1
0 5 10 15 20 0 5 10 15 20
Time (years) Time (years)

Table 7

Co-axial AGS cases simulated to investigate impact of injection in the center pipe rather than the annulus. Heat transfer within reservoir is through heat conduction
only. Case 1 represents the co-axial AGS base case. The changes with respect to the base case are highlighted in bold. CXA = co-axial with injection in annulus; CXC =
co-axial with injection in center pipe; SBT = Slender Body Theory Model; COM = COMSOL Model.

CaseNo. AGSType Reservoir Temperature (°C)  Reservoir Depth (km)  Lateral Length (km)  Injection Temperature (°C)  Flow Rate (kg-s™!)  Fluid Simulator
1 CXA 200°C 2 km 0 km 20°C 20 kg-s~! Water  SBT/
COM
12 CXC 200°C 2 km 0 km 20°C 20 kg-s~? Water  SBT/
COM
. . . 4.2.1.5. Impact of heat transfer fluid type in co-axial systems. Case 11
Effect of injection mechanism (Table 6) uses sCO3 instead of water as heat transfer working fluid for
o CXA (Case 1) R the co-axial configuration, resulting in average production temperature
; 50 CXC (Case 12) 42.5 5 of 42.3°C and average heat production of 0.27 MWy, (Fig. 7). The in-
et ; . . o 7
3 s jection temperature and pressure are set at 40°C and 10’ Pa, respec-
© 12.0C tively, to ensure CO, remains in the supercritical phase. In comparison,
L 40+ g the equivalent case with water (Case 8) results in average production
QEJ 1158 temperature of 45.3°C and average heat production of 0.45 MWy,.
ps 3 Hence, keeping everything else the same, utilizing sCO4 instead of water
S.. |4k {108 . : .
2 30} \‘"-; T a results in 40% lower enthalpy gain. However, due to the thermosiphon
o
S H - — 0.5 ® effect, no pumping power was required when utilizing sCO, (Case 11)
-5 ! T while the average pumping power with water (Case 8) is 9.5 kWe. Po-
o 5ol 1 \ \ . tential for electricity production with sCO; is investigated in Section 4.4.
0 5 10 15 20

Time (years)

Fig. 8. Co-axial AGS simulation results for production temperature (°C) and
produced heat (MWy,) for injection in center pipe (CXC) vs. injection in the
annulus (CXA), which is the base case (Case 1). The impact is negligible with a
slightly higher performance of the CXA configuration. All cases assume reser-
voir temperature of 150°C at 2 km depth, and water as heat transfer fluid with
flow rate of 20 kg-s~* and injection temperature of 20°C.

application. However, operating at very low flow rates also results in
low levels of heat production. For example, additional SBT simulations
show that operating at 1 kg-s~* results in average production tempera-
tures of around 100°C, but average heat production of only 0.23 MW,.
In comparison, the base case (Case 1; flow rate of 20 kg-s’l) results in
average production temperatures of 27°C but average heat production of
0.57 MW

4.2.1.6. Impact of injection in annulus (CXA) vs. in center pipe (CXC). We
now consider design choices in co-axial systems and evaluate whether
thermal performance is impacted by choosing to drive heat exchange
with injection in the center pipe (CXC) rather than in the annulus (CXA)
as in our other co-axial simulations (Table 7). For the set of reservoir and
operating conditions used in the co-axial base case (Case 1), we find that
there is very little difference between CXA versus CXC — similar to the
conclusions drawn by Holmberg et al. (2016) —, with injection in the
annulus (CXA) performing just slightly better than injection in the center
pipe (Fig. 8). However, we note that it is possible that this finding may
not apply for other geometries or reservoir and operating conditions
(Fox et al., 2016).

4.2.1.7. Impact of horizontal extension in co-axial systems. We now
consider the influence of including a horizontal extension at the base of a
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Co-axial AGS cases simulated to investigate impact of a horizontal extension. Heat transfer within reservoir is through heat conduction only. Case 1 represents the co-
axial AGS base case. The changes with respect to the base case are highlighted in bold. CXA = co-axial with injection in annulus; SBT = Slender Body Theory Model;

COM = COMSOL Model.

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator
1 CXA 200°C 2 km 0 km 20°C 20 kg-s~! Water  SBT/
COM
13 CXA 200°C 2 km 2 km 20°C 20 kg-s? Water  SBT
. area and boosts the system thermal performance.
Effect of lateral extension
:O === CXA no horizontal extension (Case 1) 4.2.2. U-loop AGS thermal performance in conduction-only reservoirs
[ CXA with 2 km horizontal extension (Case 13) = . c s
o o0r 425 § Our results above describe the performance characteristics for
é s various co-axial system scenarios and illustrate the potential impact
© 120 horizontal laterals can have in increasing heat exchange and thermal
8 40 2 performance. U-Loop AGS utilize an alternative closed-loop design that
qE_, 115§ seek to take advantage of heat exchange through laterals with unidi-
; kS rectional flow between separate injection and production wellheads
[e) T 10 E_ . .
S 30f o connected underground with various numbers of laterals.
Y ©
3 1058 . .
o 4.2.2.1. Base Case and Impact of reservoir temperature in U-loop systems.
& ooy 1 1 L 1 As a base case U-loop AGS design scenario (Case 14), we consider a
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Fig. 9. Co-axial AGS simulation results for production temperature (°C) and
produced heat (MWy,) when adding a 2 km long horizontal extension (Case 13)
in comparison with the base case (Case 1). Increasing the subsurface heat
exchanger length (and area) significantly increases the production temperature
and heat output. All cases assume CXA configuration, reservoir temperature of
150°C at 2 km depth, and water as heat transfer fluid with flow rate of 20 kg-s~*
and injection temperature of 20°C.
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Fig. 10. U-loop AGS simulation results for production temperature (°C) and
produced heat (MW,,) for different reservoir temperatures. Case 14 represents
base case with reservoir temperature of 150°C at 2 km depth. Case 14 yields
average heat production on the order of 2 MWy, with average production
temperature of 45°C (25°C above the injection temperature). Cases 15 through
17 consider different reservoir temperatures. Case 17 with 500°C reservoir
temperature at 2 km depth results in about 7.7 MWy, of average heat produc-
tion. All cases assume U2-loop configuration, reservoir at 2 km depth, lateral
length of 2 km, and water as heat transfer fluid with flow rate of 20 kg-s~! and
injection temperature of 20°C.

co-axial system. This type of design has been proposed as a way to in-
crease the heat exchange area where formation temperatures are
greatest. Comparing to the base case (Case 1), Case 13 simulates the
effects of including a 2 km horizontal extension at 2 km depth (Table 8).
The results (Fig. 9) illustrate that the horizontal extension increases the
average production temperature from 27 to 40°C, and average heat
production from ~0.6 MWy to ~1.7 MWy, Increasing the heat
exchanger length within the reservoir significantly increases the surface

system with two horizontal laterals of 2 km length at 2 km depth, 150°C
reservoir temperature, and with water injected at 20°C and 20 kg-s ™.
The solid blue curve in Fig. 10 reveals the results, with average pro-
duction temperature of ~45°C and average heat production of 2.1 MW,
(Fig. 10). Despite a lower reservoir temperature, these results show
much greater thermal performance than the co-axial base case (Case 1)
or the co-axial system with a 2 km horizontal extension (Case 13).
Having two long laterals within the highest temperature region of the
subsurface has a clear influence on the results. Similar to our analysis for
the co-axial systems, we now explore in this and the following sections
the influence of reservoir, operational, and design considerations on the
thermal performance of U-loop systems.

Starting with the U-loop base case at 150°C reservoir temperature
(Case 14), we consider three additional cases at a reservoir temperature
of 100°C, 300°C and 500°C (Table 9). The relationship between reser-
voir temperature and thermal output (production temperature and heat
production) is linear. Fig. 10 shows the average production temperature
for a reservoir temperature of 100, 300 and 500°C is 35.2, 73.2 and
111.2°C, respectively. The corresponding average heat production is
1.3, 4.5 and 7.7 MWy, respectively. The low-temperature scenario of
100°C at 2 km depth (Case 15), corresponds to a geothermal gradient of
40°C-km™!, a typical gradient found in non-volcanic regions.

4.2.2.2. Impact of reservoir depth in U-loop systems. We now consider the
scenarios with the base case reservoir temperature (150°C) occurring at
depths of 3 km (Case 18) and 4 km (Case 19) (see Table 10). Fig. 11
reveals an approximate linear increase of thermal output with depth.
With 150°C at 3 km depth, the average heat production increases to 2.33
MWg,; with 150°C at 4 km depth, the average heat production is 2.57
MWj,. Larger depths result in an increase in heat exchange area and
thermal output, but also causes the drilling costs to increase (see Section
4.5).

4.2.2.3. Impact of lateral length in U-loop systems. We now simulate one
case with horizontal lateral length of 4 km (Case 20) instead of the base
case length of 2 km (Case 14) (see Table 11) to investigate impact of later
length on U-loop thermal performance. Fig. 12 shows that the average
production temperature increases to 57.8°C and the average heat pro-
duction to 3.2 MWy, Extending the heat exchanger length within the
hottest zone of the reservoir significantly impacts the thermal perfor-
mance. However, increasing the lateral length also increases the drilling
cost (see Section 4.5).
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U-loop AGS cases simulated to investigate impact of reservoir temperature, depth and length of horizontal lateral. Heat transfer within the reservoir is through heat
conduction only. Case 14 represents the U-loop AGS base case. U2 = U-loop with two horizontal laterals; SBT = Slender Body Theory Model

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator

14 U2 150°C 2 km 2 km 20°C 20 kg-571 Water SBT

15 U2 100°C 2 km 2 km 20°C 20 kg-s~? Water  SBT

16 U2 300°C 2 km 2 km 20°C 20 kg-s! Water  SBT

17 U2 500°C 2 km 2 km 20°C 20 kg~571 Water SBT
Table 10

U-loop AGS cases simulated to investigate impact of reservoir depth. Heat transfer within the reservoir is through heat conduction only. Case 14 represents the U-loop
AGS base case. U2 = U-loop with two horizontal laterals; SBT = Slender Body Theory Model

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator
14 U2 150°C 2 km 2 km 20°C 20 kg-fl Water SBT
18 U2 150°C 3 km 2 km 20°C 20 kgs~! Water  SBT
19 U2 150°C 4 km 2 km 20°C 20 kg-s~! Water  SBT

Effect of Reservoir Depth
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Fig. 11. U-loop AGS simulation results for production temperature (°C) and
produced heat (MWy,) for different reservoir depths. Case 14 represents base
case with reservoir temperature of 150°C at 2 km depth. Deeper reservoir
depths result in a small increase in thermal output. All cases assume U2-loop
configuration, lateral length of 2 km, reservoir of 150°C, and water as heat
transfer fluid with flow rate of 20 kg-s~! and injection temperature of 20°C.

4.2.2.4. Impact of fluid injection temperature in U-loop systems. Similar to
the co-axial cases, we consider the influence of injection temperature by
comparing our U-loop base case (Case 14) to cases in which the injection
temperatures is 10 and 40°C rather than 20°C (Table 12; Fig. 13). The
lower injection temperature of 10°C (Case 21) results in a lower average
production temperature of ~37°C, but has a slightly larger average
temperature gain and heat production of ~27°C and ~2.3 MWy,
respectively. The 40°C injection temperature case (Case 22) results in
average heat production of ~1.6 MWy,. Similar as with the co-axial
system, a lower injection temperature results in larger heat produc-
tion. However, the injection temperature is a function of the surface
application. Low injection temperatures may only be achieved when
coupled with heat pumps.

4.2.2.5. Impact of mass flow rate in U-loop systems. To assess the influ-

ence of mass flow rate, we consider models similar to Case 14 (base case)
but with flow rate of 10 and 40 kg-s* instead of 20 kg-s~! (Table 13).

Table 11

Compared to the base case, the lower flow rate of 10 kg-s’1 (Case 23)
results in higher average production temperature of ~63°C, but has
poorer average heat production of ~1.8 MWy, (Fig. 14). The higher flow
rate of 40 kg-s~! (Case 24) results in lower production temperatures but
slightly higher heat production than the base case at ~2.2 MWy,. Similar
as with co-axial systems, the flow rate can be modified to target a certain
temperature as required by the surface application. A very low flow rate
results in much larger production temperatures but also significantly
lowers the heat production. For example, circulating water at 2.5 kg-s ™!
results in an average production temperature of ~100°C but average
heat production of only ~0.84 MWy,.

4.2.2.6. Impact of fluid type in U-loop systems. Similar to Section 4.2.1.5
in which we investigate the influence of injection fluid type for co-axial
systems, we also compare cases with either sCOy or water as heat
transfer fluid for U-loop configurations (Table 14). For these cases, in-
jection temperature and pressure are held at 40°C and 107 Pa,

Effect of Horizontal Section Length
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Fig. 12. U-loop AGS simulation results for production temperature (°C) and
produced heat (MWy,) for different lateral lengths. Doubling the lateral length
from 2 km to 4 km increasing the average heat production from 2.1 to 3.2
MWy,. All cases assume U2-loop configuration, reservoir of 150°C at 2 km
depth, and water as heat transfer fluid with flow rate of 20 kg-s~! and injection
temperature of 20°C.

U-loop AGS cases simulated to investigate impact of horizontal lateral length. Heat transfer within the reservoir is through heat conduction only. Case 14 represents the
U-loop AGS base case. U2 = U-loop with two horizontal laterals; SBT = Slender Body Theory Model

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg~s’1) Fluid Simulator
14 U2 150°C 2 km 2 km 20°C 20 kg-s 1 Water SBT
20 U2 150°C 2 km 4 km 20°C 20 kgs~! Water  SBT

10
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Table 12
U-loop AGS cases simulated to investigate impact of fluid injection temperature. Heat transfer within the reservoir is through heat conduction only. Case 14 represents
the U-loop AGS base case. U2 = U-loop with two horizontal laterals; SBT = Slender Body Theory Model

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator

14 U2 150°C 2 km 2 km 20°C 20 kg-s’1 Water SBT

21 U2 150°C 2 km 2 km 10°C 20 kg-s~! Water  SBT

22 U2 150°C 2 km 2 km 40°C 20 kgs ! Water  SBT

Effect of Reinjection Temperature Fig. 13. U-loop AGS simulation results for production tem-
—_ perature (°C) and produced heat (MWy,) for different fluid
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Table 13

U-loop AGS cases simulated to investigate impact of fluid flow rate. Heat transfer within the reservoir is through heat conduction only. Case 14 represents the U-loop
AGS base case. U2 = U-loop with two horizontal laterals; SBT = Slender Body Theory Model

CaseNo. AGSType Reservoir Temperature (°C)  Reservoir Depth (km)  Lateral Length (km)  Injection Temperature (°C)  Flow Rate (kg-s™')  Fluid Simulator

14 U2 150°C 2 km 2 km 20°C 20 kg~371 Water SBT

23 U2 150°C 2 km 2 km 20°C 10 kg-571 Water SBT

24 U2 150°C 2 km 2 km 20°C 40 kgs~?! Water  SBT

Effect of Mass Flow Rate Fig. 14. U-loop AGS simulation results for production tem-
— : perature (°C) and produced heat (MWy,) for different fluid flow
g 80F = m =20 kg/s (Case 14) ~ 3.0r = m=20kg/s (Case 14) | rates. Case 14 represents base case with flow rate of 20 kg-s~™.
v Jok == m=10 kg/s (Case 23) < . m =10 kg/s (Case 23) Cases 23 and 24 consider flow rate of 10 kg-s~* and 40 kg-s~,
% rrrr m=40kg/s (case 24) = . *=== m=40kg/s (case 24) respectively. Increasing the flow rate decreases the production
5 60F ' - 5 2.5r temperature but slightly increases the heat production. All
g B cases assume U2-loop configuration with lateral length of 2
9 50r 3 km, reservoir of 150°C at 2 km depth, and water as heat
c 2 2.0r transfer fluid with injection temperature of 20°C.
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Table 14

U-loop AGS cases simulated to investigate impact of fluid type. Heat transfer within the reservoir is through heat conduction only. Case 22 represents the U-loop AGS
base case with water but with 40°C injection temperature. U2 = U-loop with two horizontal laterals; SBT = Slender Body Theory Model

Case No. AGSType Reservoir Temperature (°C)  Reservoir Depth (km)  Lateral Length (km)  Injection Temperature (°C)  Flow Rate (kg-s™')  Fluid Simulator

22 U2 150°C 2 km 2 km 40°C 20 kg-s! Water ~ SBT

25 U2 150°C 2 km 2 km 40°C 20 kg-s’1 sCO, SBT
respectively, to ensure CO2 remains in the supercritical phase. Whereas coupled to a turbine (see also Section 4.4). The results indicate that if
the case with injection of 40°C water (Case 22) results in average heat AGS is used for heat production, water appears the preferred heat
production of ~1.6 MWy,, the average enthalpy gain for sCO5 (Case 25) transfer fluid. In case of electricity generation, the results are more
is only ~1 MWy, (Fig. 15). However, Case 22 (water) requires an nuanced (see Section 4.4).
average pumping power of 2 kW, while Case 25 (sCO3) does not require
pumping power because of the strong the thermosiphon effect. In fact, 4.2.2.7. Impact of number of laterals. Because thermal performance is
due to the large gain in pressure between injection and production with expected to improve with greater heat exchange area within the reser-
sCO,, about 90 kWe of electricity could be produced when directly voir, we evaluate the influence of increasing the number of horizontal

11
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Effect of Fluid Type
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Fig. 15. U-loop AGS simulation results for production tem-

perature (°C) and produced heat (MWy,) for sCO, versus water
as heat transfer fluid. Case 22 represents base case with two
laterals but with 40°C injection temperature. Case 25 is iden-
tical to Case 22 but with sCO; instead of water. Utilizing sCO4
instead of water results in a slight decrease in production
temperature and a significant drop in enthalpy output of about
40%. All cases assume U2-loop configuration with lateral
length of 2 km, reservoir of 150°C at 2 km depth, fluid flow
rate of 20 kg-s~!, and fluid injection temperature of 20°C.
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Table 15

U-loop AGS cases simulated to investigate impact of number of horizontal laterals. Heat transfer within the reservoir is through heat conduction only. Case 14 rep-
resents the U-loop AGS base case. U2 = U-loop with two horizontal laterals; U5 = U-loop with five horizontal laterals; U13 = U-loop with thirteen number of laterals;

SBT = Slender Body Theory Model

Case No. AGSType Reservoir Temperature (°C)  Reservoir Depth (km)  Lateral Length (km)  Injection Temperature (°C)  Flow Rate (kg-s™!)  Fluid Simulator
14 U2 150°C 2 km 2 km 20°C 20 kg~s’1 Water SBT
26 U5 150°C 2 km 2 km 20°C 20 kg-s~! Water  SBT
27 U13 150°C 2km 2 km 20°C 20 kg-s~! Water  SBT

Effect of Number of Laterals

Fig. 16. U-loop AGS simulation results for production tem-

perature (°C) and produced heat (MWy,) for different number
of horizontal laterals. Case 14 represents base case with two
laterals. Cases 26 and 27 consider five and thirteen laterals,
respectively. Increasing the number of laterals significantly
increases the production temperature and heat production. All
cases assume U-loop configuration with lateral length of 2 km,
reservoir of 150°C at 2 km depth, and water as heat transfer
fluid with flow rate of 20 kg-s~! and injection temperature of
20°C.
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Table 16

Co-axial AGS cases simulated with natural convection in the reservoir. Different cases consider different values for reservoir permeability. CXC = co-axial with in-

jection in center pipe; SBT = Slender-Body Theory Model; COM = COMSOL Model

Case AGS Reservoir Reservoir Depth Lateral Length Injection Flow Rate Fluid Reservoir Permeability ~ Simulator

No. Type Temperature (°C) (km) (km) Temperature (°C) (kg-s’l) (m?

12 CXC 200°C 2 km 0 km 20°C 20 kg~s’1 Water 0 (conduction-only) SBT/
COM

28 CXC 200°C 2 km 0 km 20°C 20 kg-s™? Water  107'® m? COM

29 CXC 200°C 2km 0 km 20°C 20 kg-s~! Water 1075 m? COM

laterals (Cases 26 and 27; Table 15) compared to our base case (Case
14). Fig. 16 illustrates that including additional laterals results in larger
production temperature and heat output. A U-loop with five laterals
(Case 26) results in an average production temperature of ~60°C and
average heat production of ~3.1 MWy,. A U-loop with thirteen laterals
(Case 27) increases the average production temperature to ~90°C and
average heat production to ~5.9 MWy,. Thermal performance increases
because adding laterals increases the surface area for heat transfer be-
tween the fluid and the rock. However, adding laterals also significantly
increases capital costs (Section 4.5). Further, connecting a large number
of horizontal laterals to the same point at the injection and production
well may introduce technical challenges for drilling and completing
such configuration. Branching across different points may be required
when developing a large number of laterals.

12

4.3. AGS thermal performance with convection in reservoir

So far, all of our scenarios assume conductive heat transfer through
the rock formation outside of the closed-loop pipe. As shown in Sections
4.1 and 4.2, this limits heat exchange for both co-axial and U-loop and
results in rapid decline in thermal output. In these conduction-
dominated systems, heat is rapidly extracted from the formation
directly surrounding the heat exchanger but is unable to be replenished
quickly by thermal diffusion alone. Some AGS designs seek to overcome
this limitation by relying on geologic conditions that allow for convec-
tion within the reservoir. Here, we expand on our analysis to assess the
potential influence natural or forced convection within the reservoir has
on AGS thermal performance.



K.F. Beckers et al.

40Effect of Reservoir Permeability

OU ! e Conduction only (Case 12)
4 —
~ | — = Reservoir perm. = 10718 m? (Case 28) 15 <
g 351 I = === Reservoir perm. = 1015 m? (Case 29) =
= =
e <
8 . 11.08
g}
€ 30F|°% ]
V] * >
] faa e
-, "aagag,
— o
c e s SO - = om 5
.8 25 ——— 0.5 o
- +J
S ©
(]
3 T
j -
n‘ 20 1 1 1 1 1 0 O

10
Time (years)

15 20

Fig. 17. Simulation results of co-axial AGS with natural convection in the
reservoir versus heat conduction-only. A typical reservoir permeability of 10~ 1°
m? (~1 mD) results in 20% increase in heat production with respect to the heat
conduction-only scenario. All cases assume a CXC configuration with reservoir
temperature of 200°C at 2 km depth, and water as heat transfer fluid with flow
rate of 20 kg-s~! and injection temperature of 20°C.

4.3.1. AGS thermal performance with natural convection in reservoir

To investigate the impact of natural convection within the reservoir
on the thermal performance of co-axial AGS we consider two cases
(Cases 28 and 29) with different reservoir permeability (Table 16).
These simulations utilize COMSOL which solves for the fluid flow and
heat transport in both the pipe and formation. Due to convergence issues
with the CXA configuration, we consider a CXC scenario (injection in the
center pipe and return flow in the annulus). Case 29 assumes a perme-
ability of 107*°> m2 (~1 mD), which represents a typical in-situ perme-
ability in the continental crust at 2 km depth (Ingebritsen and Manning,
2010). Simulation results (Fig. 17) indicate that with a permeability of
1071° m?, (Case 29), average thermal output increases by about 20% in
comparison with the conduction-only scenario. The thermal output for
Case 28 with very low permeability of 1071 m? overlaps with the
conduction-only case (Case 12). Even at moderate depths of 2 to 4 km, a
low permeability of 108 m? is not uncommon, e.g., in granite or shale
formations. This suggests that the conduction-only cases that we
consider in Section 4.2 are representative in many scenarios.

Similarly, we examine the influence of natural reservoir convection
for U-loop systems. We consider two cases (Cases 30 and 31) with
different reservoir permeability to investigate impact of natural con-
vection on thermal performance (Table 17). We assume a U-loop ge-
ometry with only one lateral and simulate performance with COMSOL.
To save on computational time, only the horizontal section is simulated,
corresponding to a scenario with a perfectly insulated injection and
production well. The thermal output of the low permeability case (Case

Geothermics 100 (2022) 102318

26) with permeability of 107'® m? overlaps with the result for a
conduction-only case. The scenario with higher permeability of 1071°
m? (~1 mD; Case 31) results in an increase in the heat production by
about 4% compared to the conduction-dominated case (Fig. 17). Due to
numerical convergence issues, we did not run simulations for higher
permeabilities. Oldenburg et al. (2016) report that natural convection
can cause a 100% increase in U-loop heat production in case a very high
permeable zone (permeability of 107° m? or 100 D) directly surrounds
the heat exchanger. However, the results by Ingebritsen and Manning
(2010) suggest that at depths of 2 to 4 km, in-situ reservoir permeability
(i.e., matrix permeability and not fracture permeability) much higher
than 107*® m? is not commonly encountered. The results from our
simulations (Cases 28 through 31) and those by Oldenburg et al. (2016)
suggest that very high in-situ reservoir permeability is required to obtain
significant improvements in heat production with AGS due to natural
convection. For typical reservoir permeabilities of 107'° m? at the
depths we consider (2 to 4 km), increase in AGS thermal output due to
natural convection is limited.

4.3.2. AGS thermal performance with forced convection in reservoir
Three cases (Cases 32 to 34) for U-loop AGS with one lateral are
conducted with forced uniform convection (“background flow™) in the
reservoir with different values for Darcy velocity (Table 18). Simulations
were conducted with the SBT model. Results indicate that Darcy ve-
locities of at least 10™® m-s™! are required to obtain a considerable

Effect of Background Flow
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Fig. 19. Simulation results of U-loop AGS with forced convection in the
reservoir for different values of Darcy velocity. Darcy velocities of 10~ m-s~!
or lower had limited impact on thermal performance. A Darcy velocity of 107
m-s~! resulted in significant increase in thermal output. All cases assume a Ul-
loop configuration with lateral length of 2 km, reservoir temperature of 150°C
at 2 km depth, and water as heat transfer fluid with flow rate of 20 kg-s~! and
injection temperature of 20°C.

Table 17
U-loop AGS cases simulated with natural convection in the reservoir with different values for reservoir permeability. Ul = U-loop with one lateral; COM = COMSOL
Model
Case AGS Reservoir Reservoir Depth Lateral Length Injection Flow Rate Fluid Reservoir Simulator
No. Type Temperature (°C) (km) (km) Temperature (°C) (kg-s™ 1) Permeability (m?)
30 Ul 120°C 2 km 2 km 20°C 20 kg-s™! Water  107'® m? COM
31 Ul 120°C 2 km 2 km 20°C 20 kg-s~! Water 1075 m? COM
Table 18

U-loop AGS cases simulated with forced convection in the reservoir with different values of Darcy Velocity. All cases consider a U-loop design with one lateral. Ul = U-

loop with one lateral; SBT = Slender Body Theory Model.

Case AGS Reservoir Temperature  Reservoir Depth Lateral Length Injection Temperature ~ Flow Rate Fluid Darcy Velocity Simulator
No. Type [€9) (km) (km) [€9) (kg-s™H) (m:s7Y)

32 Ul 150°C 2 km 2 km 20°C 20 kg-s~! Water 10 % ms~! SBT

33 Ul 150°C 2 km 2 km 20°C 20 kg-s~! Water 1077 m-s~! SBT

34 Ul 150°C 2 km 2 km 20°C 20 kg-s~! Water 10 °m.s~! SBT
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Table 19
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List of AGS cases simulated for electricity generation. For each case, the flow rate was varied to maximize the electricity production. CXA = co-axial with injection in

annulus; U2 = U-loop with two laterals; SBT = Slender Body Theory Model.

Case No. AGS Type Reservoir Temperature (°C) Reservoir Depth (km) Lateral Length (km) Injection Temperature (°C) Flow Rate (kg-s’l) Fluid Simulator
35 CXA 200°C 2 km 0 km 70°C 2.5 kg-371 Water SBT
36 CXA 200°C 2 km 0 km 40°C 2.8 kg-s~! sCO, SBT
37 CXA 500°C 2 km 0 km 80°C 2.0kgs™! Water  SBT
38 U2 150°C 2 km 2 km 70°C 10 kg-s™! Water ~ SBT
39 U2 150°C 2 km 2 km 40°C 15 kgs~! sCO, SBT
40 U2 500°C 2 km 2 km 80°C 11 kgs™! Water  SBT

impact on the thermal output (Fig. 19). These are relatively high Darcy
velocities, which typically do not occur naturally in deep formations.

4.4. Performance of AGS for electricity production

We now consider co-axial and U-loop AGS for electricity production.
We simulate six new cases (Table 9) to investigate the potential for
electricity generation with the co-axial (Case 1) and U-loop (Case 14)
base case for commonly encountered reservoir rock temperatures
ranging from 150 to 200°C. We also include a co-axial and U-loop case at
a much higher reservoir rock temperature of 500°C at an assumed 2 km
depth (Cases 4 and 17, respectively). We consider both water and sCO,
as reservoir fluids The cases considered in Sections 4.2 and 4.3 result in
production temperatures on the order of 20 to 60°C, too low to produce
electricity. Generally, production temperatures over 80°C are required
to generate electricity with sufficiently high conversion efficiencies.
Here, we lower the flow rate in each case (see Table 19) to maximize the
electricity production. For water as heat transfer fluid, the injection
temperature is increased to 70 to 80°C to represent more typical injec-
tion temperatures when producing electricity with an ORC power plant
(Beckers, 2016). Produced electricity for these cases is estimated by
calculating the produced exergy and multiplying by a
temperature-dependent utilization efficiency for a subcritical ORC plant
(Beckers, 2016). In Cases 36 and 39, the working fluid sCO; directly
drives a turbine with an assumed isentropic turbine efficiency of 0.9.

For the co-axial base case scenario (200°C at 2 km depth), we find a
maximum average electricity production of ~14 kW, when using water
as heat transfer fluid at 2.5 kg-s~! (Case 35). The average production
temperature in this case is ~93°C and, due to the strong thermosiphon
effect, no pumping power is required. When utilizing sCO» instead of
water, we find a maximum average electricity production of ~23 kW,
when circulating at 2.8 kg-s™! (Case 36). For the high-temperature co-
axial scenario (500°C at 2 km), we obtain a higher electricity output for
water than for sCO,. With water circulating at 2 kg-s_1 (Case 37), we
find a maximum electricity production of ~133 kW,, with an average
production temperature of ~190°C and no pumping power required.
When utilizing sCO, as working fluid, the maximum average electricity
production is 104 kW, at 6 kg-s 1.

For the base case U-loop scenario (150°C at 2 km depth with 2 lat-
erals of 2 km length), the maximum average electricity production with
water is ~51 kW, when circulating at 10 kg~s_1 (Case 38). For this case,
the average production temperature is 91°C and no pumping power is
required. When utilizing sCO; instead of water, the electricity produc-
tion increases up to ~92 kW, at 15 kg~s’1 (Case 39). With a 500°C
reservoir at 2 km depth (Case 40), we find a maximum electricity pro-
duction of ~857 kW, when circulating water at 15 kg-s~!. For this case,
the average production temperature is 202°C and no pumping power is
required. When utilizing sCO» instead of water with a 500°C reservoir,
the maximum power output is only ~741 kWe,.

These results suggest that electricity generation with AGS is chal-
lenging. For the geometries considered (2 km reservoir depth and lateral
length of 2 km for the U2 configuration), low flow rates are required to
obtain sufficiently high production temperatures and conversion effi-
ciencies. While the base case co-axial and U-loop scenarios (Cases 1 and
14) produce usable heat at ~0.6 and ~2.1 MWy, respectively, we find a
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maximum electricity production for these scenarios at only ~23 and
~92 kW, respectively. In both the co-axial and U-loop base case, sCO»
performed better than water for electricity generation, while at very
high reservoir temperatures, water performed best for electricity pro-
duction. Higher levels of electricity production can be obtained by
increasing the borehole heat transfer area (e.g., with a larger number of
laterals). However, considering AGS first for heat production over
electricity generation appears preferable.

4.5. Capital and Levelized Cost of AGS for Heat and Electricity
Production

Using our various case scenario results, we now perform a high-level
economic assessment with GEOPHIRES (Beckers and McCabe, 2019) to
estimate capital costs, LCOH, and LCOE for AGS. We conduct these
calculations for Cases 1 through 27 (direct-use heat) and Cases 35
through 40 (electricity) in which heat transfer within the reservoir is
conduction-only. We assume a utilization rate of 100% with a discount
rate of 5% and a system lifetime of 20 years. In general, we assume
generous cost and financial conditions. Drilling costs for vertical wells
are estimated using the “intermediate 1” drilling cost curves developed
by Lowry et al. (2017) for the GeoVision study DOE (2019)(DOE - U.S.
Department of Energy 2019). These drilling cost figures assume a
reduction of about 50% from the baseline cost correlations. No pub-
lished drilling cost correlations are available for the horizontal laterals.
Their drilling costs may be significantly lower than the costs for the
vertical wells because they may be completed without casing or cement.
In this analysis, we assume a range in drilling costs for the horizontal
laterals at $200/m to $1,000/m. $1,000/m should be easily achievable
with today’s technology while $200/m may be an aggressive target for
the future. We do not consider exploration costs and surface pipeline
COsts.

For the vertical co-axial cases without the lateral extension (Cases 1
through 12, and 35 to 37), we utilize the cost correlation function for
vertical wells with large diameter, while for Case 13 (vertical co-axial
with horizontal extension), we use the cost correlation for deviated
wells with large diameter. For the U-loop configurations (Cases 14
through 27, and 38 to 40), we use the cost correlation for vertical wells
with small diameter for the vertical injection and production well and
$200-$1000/m for the horizontal laterals.

The cost for a pipe-in-pipe system with vacuum insulated tubing for
the co-axial configurations is estimated at $0.5M for 2 km measured
depth, $0.75M for 3 km measured depth, and $1M for 4 km measured
depth. For the cases considering direct-use heating, we estimate the cost
for surface equipment (i.e., surface heat exchanger, valves, sensors and
control) at $200/kWy,. For electricity generation with an ORC, capital
costs for the power plant are estimated at $10,000/kW, for the ~14 kW,
system (Case 35), $5,000/kW for the 0.1 MW, systems (Cases 37 and
38), and $3,000/kW, (Beckers and McCabe, 2019) for the ~0.9 MWe
system (Case 40). For electricity production with sCO,, capital costs for
surface equipment are estimated at $4,000/kW, for a 23 kW, sized
system (Case 36) and $2,000/kW_, for the 90 kW, sized system (Case 39),
based on cost numbers provided by Carlson et al. (2017). We assume
that operation & maintenance costs are negligible for direct-use systems
while they are set at 1% of the surface capital cost per year for electricity
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Table 20

Estimates of average heat production (in GWh/year), capital costs (in $M) and levelized costs for heat (LCOH) (in $/MWh) for Cases 1 to 27 for direct-use heating (heat
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conduction-only in reservoir). Cost results for U-loop cases are presented for a horizontal lateral drilling cost of $1,000/m and $200/m.

Case Case Description Average Heat Capital Cost Specific Capital Cost LCOH
No. Production ($M) ($/kWw) ($/MWh)
(GWh/year)

1 CXA; 200°C at 2 km; 20 kg-s~! water at 20°C 5.0 3.4 5,800 52.2

2 CXA; 150°C at 2 km; 20 kg-s~! water at 20°C 3.6 3.3 8,000 71.6

3 CXA; 300°C at 2 km; 20 kg~s’1 water at 20°C 7.8 3.4 3,800 34.2

4 CXA; 500°C at 2 km; 20 kg-s 1 water at 20°C 135 3.6 2,300 20.7

5 CXA; 200°C at 3 km; 20 kg-s~! water at 20°C 7.5 4.8 5,600 49.8

6 CXA; 200°C at 4 km; 20 kg‘s’1 water at 20°C 9.8 6.0 5,300 47.6

7 CXA; 200°C at 2 km; 20 kg-s 1 water at 10°C 5.6 3.4 5,300 47.3

8 CXA; 200°C at 2 km; 20 kg-s~! water at 40°C 4.0 3.3 7,400 66.2

9 CXA; 200°C at 2 km; 10 kg-s’1 water at 20°C 4.9 3.4 6,000 53.7

10 CXA; 200°C at 2 km; 40 kg~s’1 water at 20°C 5.1 3.4 5,800 51.5

11 CXA; 200°C at 2 km; 20 kg»571 sCO; at 40°C 2.4 3.3 12,200 108.3

12 CXC; 200°C at 2 km; 20 kg~s’1 water at 20°C 4.9 3.4 6,000 53.6

13 CXA with 2 km horizontal extension; 200°C at 2 km; 20 14.6 6.6 4,000 35.4
kg-s~! water at 20°C

14 U2-Loop; 150°C at 2 km; 2 km lateral; 20 kg-s~' waterat ~ 18.2 8.6 ($1,000/m) 5.4 4,200 ($1,000/m) 2,600 37.4 ($1,000/m) 23.5
20°C ($200/m) ($200/m) ($200/m)

15 U2-Loop; 100°C at 2 km; 2 km lateral; 20 kg-s’1 water at 11.2 8.5 ($1,000/m) 5.3 6,600 ($1,000/m) 4,100 59.6 ($1,000/m) 37.1
20°C ($200/m) ($200/m) ($200/m)

16 U2-Loop; 300°C at 2 km; 2 km lateral; 20 kg-s’1 water at 39.1 9.1 ($1,000/m) 5.9 2,000 ($1,000/m) 1,300 18.3 ($1,000/m) 11.9
20°C ($200/m) ($200/m) ($200/m)

17 U2-Loop; 500°C at 2 km; 2 km lateral; 20 kg-s ! waterat ~ 67.1 9.8 ($1,000/m) 6.6 1,300 ($1,000/m) 900 11.4 ($1,000/m) 7.7
20°C ($200/m) ($200/m) ($200/m)

18 U2-Loop; 150°C at 3 km; 2 km lateral; 20 kg-s’1 water at 20.4 9.8 ($1,000/m) 6.6 4,200 ($1,000/m) 2,800 37.9 ($1,000/m) 25.5
20°C ($200/m) ($200/m) ($200/m)

19 U2-Loop; 150°C at 4 km; 2 km lateral; 20 kg-s~! water at 22.5 11.3 ($1,000/m) 8.1 4,400 ($1,000/m) 3,100 39.5 ($1,000/m) 28.3
20°C ($200/m) ($200/m) ($200/m)

20 U2-Loop; 150°C at 2 km; 4 km lateral; 20 kg-s’1 water at 27.9 12.9 ($1,000/m) 6.5 4,000 ($1,000/m) 2,000 36.4 ($1,000/m) 18.3
20°C ($200/m) ($200/m) ($200/m)

21 U2-Loop; 150°C at 2 km; 2 km lateral; 20 kg-s’1 water at 20.0 8.7 ($1,000/m) 5.5 3,800 ($1,000/m) 2,400 34.1 ($1,000/m) 21.5
10°C ($200/m) ($200/m) ($200/m)

22 U2-Loop; 150°C at 2 km; 2 km lateral; 20 kg-s ' waterat ~ 14.5 8.5 ($1,000/m) 5.3 5,200 ($1,000/m) 3,200 46.5 ($1,000/m) 29.1
40°C ($200/m) ($200/m) ($200/m)

23 U2-Loop; 150°C at 2 km; 2 km lateral; 10 kg~s’1 water at 15.7 8.6 ($1,000/m) 5.4 4,800 ($1,000/m) 3,000 43.0 ($1,000/m) 27.0
20°C ($200/m) ($200/m) ($200/m)

24 U2-Loop; 150°C at 2 km; 2 km lateral; 40 kg-s ™' waterat ~ 19.6 8.7 ($1,000/m) 5.5 3,900 ($1,000/m) 2,400 34.8 ($1,000/m) 21.9
20°C ($200/m) ($200/m) ($200/m)

25 U2-Loop; 150°C at 2 km; 2 km lateral; 20 kg-s ! sCOat 9.2 8.4 ($1,000/m) 5.2 8,100 ($1,000/m) 5,000 72.3 ($1,000/m) 44.9
40°C ($200/m) ($200/m) ($200/m)

26 U5-Loop; 150°C at 2 km; 2 km lateral; 20 kg-s ™' waterat ~ 29.6 14.9 ($1,000/m) 6.9 4,400 ($1,000/m) 2,000 39.7 ($1,000/m) 18.4
20°C ($200/m) ($200/m) ($200/m)

27 U13-Loop; 150°C at 2 km; 2 km lateral; 20 kg-s! water ~ 51.8 31.4 ($1,000/m) 10.6 5,300 ($1,000/m) 1,800 47.9 ($1,000/m) 16.2
at 20°C ($200/m) ($200/m) ($200/m)

Table 21

Estimates of average electricity production (in GWh/year), capital costs (in $M) and levelized costs for electricity (LCOE) (in $/MWh) for Cases 35 through 40 for
electricity generation (with heat conduction-only in reservoir). Cost results for U-loop cases are presented for a horizontal lateral drilling cost of $1,000/m and $200/

m.
Case Case Description Average Electricity Capital Cost Specific Capital Cost ($/kW,) LCOE
No. Prod. $M) ($/MWh)
(GWh/year)
35 CXA; 200°C at 2 km; water 0.12 3.4 245,800 2,213
36 CXA; 200°C at 2 km; sCO, 0.20 3.3 146,700 1,315
37 CXA; 500°C at 2 km; water 1.16 3.9 29,500 267
38 U2-Loop; 150°C at 2 km; 2 km lateral; 0.45 8.5 ($1,000/m) 5.3 ($200/ 166,700 ($1,000/m) 103,100 1,501 ($1,000/m) 937
water m) ($200/m) ($200/m)
39 U2-Loop; 150°C at 2 km; 2 km lateral; 0.80 8.4 ($1,000/m) 5.2 ($200/ 91,800 ($1,000/m) 56,800 ($200/ 825 ($1,000/m) 512 ($200/
sCO, m) m) m)
40 U2-Loop; 500°C at 2 km; 2 km lateral; 7.51 10.8 ($1,000/m) 7.6 12,600 ($1,000/m) 8,900 ($200/ 116 ($1,000/m) $83/m
water ($200/m) m) ($200/m)
production. U-loop base case capital cost is $8.6M ($4,200/kWy,). Results for

Table 20 summarizes the results of our estimates of average annual
heat production, capital costs, and LCOH for Cases 1 through 27. LCOH
values range from $8/MWh to $108/MWh, with the co-axial base case
(Case 1) LCOH at $52/MWh, and the U-loop base case (Case 14) at $37/
MWh (with $1,000/m drilling cost for horizontal laterals). Specific
capital cost estimates range from ~$900 to ~$12,000/kWy,. The co-
axial base case capital cost estimate is $3.4M ($5,800/kWy,), and the
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average annual electricity production, capital costs, and LCOE for Cases
35 to 40 are presented in Table 21. LCOE values range from $83/MWh to
$2,200/MWh. Specific capital costs range from $8,900 to over
$246,000/kWe.

When utilizing AGS for direct-use heating, competitive LCOH values
are obtainable; however, these LCOH results are based on generous as-
sumptions for financing, maintenance, drilling costs and surface
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Effect of Reservoir Permeability
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Fig. 18. Simulation results of U-loop AGS with natural convection in the
reservoir for different levels of reservoir permeability. The low-permeability
case (Case 30) corresponds to the conduction-only scenario. Increasing the
reservoir permeability to 10~'°> m? (Case 31) only slightly increases the thermal
performance. All cases assume a Ul-loop configuration with lateral length of 2
km, reservoir temperature of 120°C at 2 km depth, insulated injection and
production well, and water as heat transfer fluid with flow rate of 20 kg-s~* and
injection temperature of 20°C.

equipment costs. In addition, the low production temperatures may limit
the type of applications that can utilize the thermal energy effectively.
Coupling an AGS with a heat pump system may be required to boost the
supply temperature needed for certain applications. LCOE values for
power production with AGS appear high. However, we only evaluate six
electricity cases; lower values could be obtained for different geome-
tries, designs and operation conditions. Relatively high LCOE values for
AGS systems may be partially compensated by certain benefits such as
the ability to provide power on demand, or avoiding the need to handle
brine at the surface. Values for AGS capital cost and levelized cost are
highly dependent on drilling costs. For example, for the U-loop sce-
narios, if the horizontal laterals can be drilled at $200/m instead of
$1,000/m, a considerable reduction in costs and levelized costs is ob-
tained, with the LCOH decreasing when adding more laterals (see Case
14, 26 and 27). The LCOH and LCOE values we calculate are for new
AGS plants. Avoiding drilling new wells by repurposing idle or aban-
doned wells would significantly lower AGS capital and levelized costs.

4.6. Comparison of AGS with Existing Geothermal Systems

We now compare techno-economic performance of AGS with re-
ported data from existing geothermal (hydrothermal) systems. Our AGS
base case co-axial and U-loop scenarios (Cases 1 and 14) with a reservoir
temperature in the range 150 to 200°C at 2 km depth, yield long-term
production temperatures in the range 25 to 50°C with a flow rate of
20 kg-s™!, corresponding to average heat production of ~0.6 to ~2.1
MWy, (see Fig. 3 and 10). In comparison, existing hydrothermal plants
appear to obtain superior thermal performance. For example, based on
monthly production reports for 19 geothermal plants in California and
Nevada, Snyder et al. (2017) report typical production temperatures of
~150°C, average flow rates of ~110 L-s~* for binary plants and ~60
L-s™! for flash plants, and thermal drawdown on the order of only ~1°C
per year. The corresponding thermal output is on the order 10 to 50
MWy, per well doublet. In a first-order analysis, thermal performance
with EGS is governed by the mass flow rate per heat transfer area
(Armstead and Tester, 1987). A successful EGS fracture network may
obtain a value of ~2.107> kg-s™'-m™2 or smaller for this metric,
resulting in limited thermal drawdown over a 20-year lifetime. In
contrast, with AGS, constraining the flow in a pipe places a limitation on
the attainable flow rate per heat transfer area, resulting in rapid draw-
down and limited thermal output. For example, our base case U-loop
scenario (Case 14) has a mass flow rate per heat transfer area of ~5.1073
kg-s t-m~2,
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Based on LCOH and LCOE values for hydrothermal plants, greenfield
AGS appears expensive, particularly for electricity production. When
utilizing AGS for direct-use heating, we find a base case LCOH value of
$37/MWh and $52/MWh for co-axial and U-loop AGS, respectively (see
Table 20). Beckers et al. (2021) and Robins et al. (2021) report LCOH
values for existing geothermal district heating plants in the U.S. in the
range $15 to $105/MWh. However, these levelized cost values assume
more conservative economic and financing assumptions, and incorpo-
rate the cost for the surface district heating network. Our base case LCOE
value when utilizing AGS for electricity is $1,315/MWh and
$825/MWh, for co-axial (200°C at 2 km depth) and U-loop (150°C at 2
km depth), respectively (Table 21). However, lower LCOE values are
obtained for higher reservoir temperatures, a larger number of laterals
or when developing AGS in existing wells. For example, a U2-loop sys-
tem developed in a reservoir of 500°C at 2 km depth with an aggressive
$200/m horizontal lateral drilling cost (Case 40) results in an LCOE of ~
$83/MWh. A forthcoming paper indicates that, at $200/m horizontal
drilling cost, the LCOE can be further reduced when considering deeper
systems and increasing the number of laterals. For hydrothermal sys-
tems, the GeoVision report estimates a supply curve for the United States
with LCOE values in the range $60 to $80/MWh for several 1,000’s of
MWe, in installed geothermal capacity.

5. CONCLUSIONS

Through a series of 40 simulated case scenarios, our analysis pro-
vides a systematic evaluation of the technical performance and potential
cost-competitiveness of co-axial and U-loop “advanced geothermal sys-
tems” (AGS) for heat and electricity production over a 20-year lifespan.
By considering a range of different AGS designs and geometries, reser-
voir characteristics, and operating conditions, our results provide
insight into the influence of these parameters and can help guide
development decisions.

Based on our simulations, for reservoirs with temperatures ranging
from 150 to 300°C at a 2 km depth (which correspond to relatively high
average geothermal gradients, from 65 to 140°C-km ™), thermal outputs
are expected in the range 0.4 to 0.9 MWy, for a 2 km vertical co-axial
system and from 1.3 to 4.5 MWy, for a 2 km deep U-loop with two lat-
erals of 2 km length each (Fig.s 3 and 10).

Heat extraction rates from closed loop systems in conduction-
dominated reservoirs are limited because of two underlying reasons:
1) the inherently low thermal conductivity (~1-5 W-m’1~K’1) and
diffusivity of the rock (~10"®m%s ! of rock), which controls the heat
flux through the rock zone surrounding the wellbore, and 2) the
restricted contact area between the fluid and the rock mass as a result of
confining the fluid in sealed wells. Larger thermal outputs are obtainable
with higher reservoir temperatures, or through more well contact area
with the rock, e.g., with a long horizontal extension for a co-axial system
(Fig. 12) or with multiple laterals in a U-loop configuration (Fig. 16). In
general, utilizing low injection temperatures and/or large mass flow
rates tends to benefit heat production, particularly for U-loop systems
(Fig. 14). Natural or forced convection increases output but requires
relatively high reservoir permeability or Darcy velocities to have a
considerable impact. For in-situ reservoir permeability of 107'° m? (~1
mD), a common natural permeability found at depths of 2 to 4 km, we
find only a moderate increase in thermal output due to natural con-
vection (Fig.s 17 and 18).

For all the cases considered in this study, the thermal output and
production temperature results reveal a characteristic behavior of
reaching a peak during the first few hours of operation, but then quickly
dropping and converging to a long-term steady value much lower than
the initial reservoir temperature. With initial rock temperatures ranging
from 150 to 300°C and fluid mass flow rates ranging from 10 to 40
kg~s_1, production temperatures for most cases decline to values of 20 to
60°C after a few hours, which are suitable for some direct-use applica-
tions and, if necessary, could be boosted to higher utilization
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temperatures with heat pumps. Under these conditions, production
temperatures are too low to efficiently produce electricity with a heat-
to-power conversion cycle. Production temperatures can be increased
when operating at very low flow rates, in very hot rock reservoirs, or in
systems with extensive total lengths of the heat exchangers in the
reservoir.

For our base case reservoir conditions (150 to 200°C at 2 km depth),
we find that utilizing supercritical CO5 (sCO3) as the working fluid to
directly drive a turbine for generating electricity appears more effective
than utilizing water driving an ORC power plant. For example, for the U-
loop design with two laterals 2 km long at 2 km depth and 150°C
reservoir temperature, electricity production with sCO; is on the order
of 90 kW,, while with water driving an ORC plant, average electricity
production is only about 50 kW.. However, with much higher reservoir
temperatures (e.g., Cases 37 and 40 with 500°C at 2 km), we find higher
levels of electricity production using water rather than sCOx.

Drilling costs significantly impact the total capital cost of AGS. For
example, assuming a 50% reduction in drilling costs from the 2019
GeoVision report’s baseline values for co-axial wells and the vertical
wells in a U-loop system and $1,000/m for horizontal laterals, specific
capital costs for most direct-use cases fall in the range of $2,000 to
$8,000/kWy, (Table 20). Assuming a 5% discount rate and 100% utili-
zation rate, typical LCOH values fall in the range of $20/MWh to $60/
MWh (Table 20). For the six electricity cases considered, LCOE values
range from $83/MWh (for $200/m horizontal lateral drilling cost) to
over $2,000 per MWh (Table 21). Lower levelized cost values may be
obtainable after further optimizing the design or for other AGS config-
urations and geometries not investigated in our study. A forthcoming
paper indicates LCOE values under $60/MWh may be obtainable for a
12-lateral 7-km deep U-loop type system with geothermal gradient of
60°C/km, in case the laterals can be drilled at $200/m. Similarly,
repurposing existing idle or abandoned wells with AGS could be
developed at a fraction of the cost calculated here, as our analysis only
considers systems that require drilling of new wells. Nevertheless,
because of typically low production temperatures, considering AGS for
direct-use heat production first rather than for electricity generation
appears to be preferable.

Comparison of AGS with EGS for low-permeability reservoirs in-
dicates that, for greenfield sites, EGS reservoirs can supply larger ther-
mal output with less thermal drawdown, but only if a fracture network
can be established with sufficiently large heat transfer area without
short circuiting or fluid flow channeling. If pre-existing reservoir
permeability is sufficiently large to achieve economic flow rates through
a large enough volume, one might first consider the option to develop a
traditional or “hydrothermal” reservoir. Nevertheless, several situations
have been identified where AGS could be a feasible option. Challenging
subsurface conditions (e.g., aggressive fluid chemistry or presence of
non-condensable gases) may prevent production of brine to the surface,

APPENDICES
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leaving a closed-loop system as the preferred option. The same is true for
extracting heat from formations with low permeability that cannot be
stimulated (e.g., because of technical, legal or permitting limitations). In
certain developed fields, more brine production could result in too much
pressure drawdown in the reservoir, or could surpass the production cap
as stipulated in the lease. In these situations, AGS could enable the
production of more heat from the reservoir without producing addi-
tional fluid.

In summary, we find that AGS or closed-loop geothermal systems are
plagued with low thermal performance, due to limited contact with the
rock for heat exchange, and slow heat transfer rates within the rock.
These limitations can partially be mitigated by targeting very high
temperatures, and through multiple laterals, to increase contact area,
however, the cost and complexity of multiple-loop systems quickly in-
crease. For AGS requiring new wells to be drilled, we estimate relatively
high levelized costs of energy, especially for electricity production, un-
less significant reductions in drilling costs can be obtained. Hence, AGS
may be more appropriate when traditional hydrothermal is off the table,
and in situations with existing wells. Also, to increase AGS energy output
and lower levelized cost, considering first direct-use heating as end-use
is recommended.
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The SBT tool is a transient heat transfer simulator for modeling heat extraction with closed-loop geothermal systems in conduction-only or forced-
convection geothermal reservoirs. The tool was originally developed by Beckers et al. (2015) to simulate computationally-fast transient heat transfer
of slender bodies (e.g., a geothermal well) in conductive-only media. The theory was derived by asymptotically matching an infinite cylinder as inner
solution to a finite line source as outer solution. Heat transfer of the slender body with the medium was coupled to fluid flow inside the slender body to
allow simulating heat extraction with heat exchangers, such as shallow or deep closed-loop geothermal systems. The SBT model captures curvature of
and thermal interaction between slender bodies, allows for varying injection temperature and fluid flow rate, and can handle both short and long
time-scales. An initial rock temperature gradient is allowed but rock properties are required to be constant, isotropic and uniform. Options are
available to lift some of these constraints (Beckers et al., 2015), but these are not currently considered.

The SBT model was numerically implemented in MATLAB by discretizing the heat exchanger into a set of straight pipe elements along the heat
exchanger center line. The heat exchange at each pipe element is further discretized in time as a set of heat pulses that remain constant during each
time step. Heat exchange between the fluid inside the heat exchanger and the surrounding rock depends on the temperature difference between the
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fluid and contacting rock. The SBT model calculates the rock temperature along the heat exchanger using a hybrid approach. The temperature T at
each pipe element i at the end of each time step m is the double summation of the temperature change due to all past and current heat pulses n (from 1
to m) from all pipe segments j (from 1 to N with N the total number of pipe elements):

Tim =

D (FiimaQin)

m m
=1 n=1

J

with Q;, the heat pulse at element j during time step n and f;  , », the temperature change at element i at the end of time step m as a result of the heat
pulse at element j during time step n. The factors f;j, , are calculated using analytical equations for a cylindrical (infinite or finite), line (infinite or
fine) or point source. Decision trees were developed based on non-dimensional numbers reflecting the time and length scales, to calculate f;jmn
accurately with the most simple (i.e., computationally-fast) model (Beckers et al., 2015).

The original SBT model assumed heat conduction-only in the reservoir, and water with constant thermo-physical properties as heat transfer fluid in
a U-loop type heat exchanger. For this project, updates were made to the SBT model to allow for simulating different heat transfer fluids, variable fluid
properties as a function of temperature and pressure, co-axial type heat exchangers, and reservoirs with uniform one-dimensional flow resulting in
heat convection in addition to conduction. Following the approach used in several geothermal wellbore simulators (Ortiz-Ramirez, 1983; Bjornsson,
1987; Aunzo and Bjornsson, 1991; Chadha et al., 1993; Hasan and Kabir, 2010), steady-state conservation of mass, momentum and energy is applied
to simulate temperature and pressure of the heat transfer/working fluid along the heat exchanger. We assume single-phase flow and no phase
transitions. Conservation of momentum results in an expression for the pressure gradient as a result of friction, and changes in kinetic and potential
energy:

dp _fpv* d, , .

%= d & (pv?) + gpsin(0)
with p the fluid pressure [Pa], z the local coordinate axially along the heat exchanger in the direction of flow [m], f the Darcy friction vector [-], p the
fluid density [kg-m_B], v the fluid velocity [m~s_1], d the hydraulic diameter of the pipe [m], g the gravitational acceleration [9.81 m~s_2], 6 the local
angle between direction of fluid flow and the horizontal reference (i.e., for flow upwards a vertical well, 8 is 90°; for flow downwards a vertical well, §
is -90°). In case of turbulent flow, the Colebrook-White equation is used to calculate f (Fox et al., 2004). Combining conservation of mass and energy
yields:

.d v o
it (h+5> + mgsin(6) = —Q

with m the fluid mass flow rate [kg-s ™1, h the specific enthalpy [J-kg '], and Q the heat exchange with the surroundings [W-m']. Q is defined as
being positive when heat is transferred from the fluid to the rock. For heat exchange between the fluid in a U-loop pipe or in the annulus of a co-axial
pipe and the surrounding rock, Q is calculated as:

T,

Q="

with Ty the fluid temperature [°C], T, the rock temperature in contact with the heat exchanger [°C], and R; the thermal resistance [W-m~ LK ']. The
heat exchange is assumed positive if heat is transferred from the fluid to the rock, and negative in reverse. For fluid flow in a pipe in direct contact with
the rock, R, is calculated as:

R — 1 n 1 In 7,
YT 2k 2nk \

with h the convective heat transfer coefficient [WAm’Z-K’l], k the thermal conductivity of the pipe wall material [W~rn’1~K’1], r; the inner radius of
the pipe [m] and r, the outer radius of the pipe [m]. Nusselt correlations are used for developed flow through a pipe to calculate h (Cengel, 2014). In
case of different layers of thermal resistance (e.g., cement, tubing, vacuum insulation, etc.), additional terms are considered in the equation for R;, to
account for the thermal resistance in each layer. For a co-axial heat exchanger, similar expressions are used for Q and R, to account for heat transfer
between the fluid in the center pipe and the annulus.

Specific enthalpy and thermo-physical properties (e.g., density, viscosity) of the fluid are calculated as a function of temperature and pressure using
the CoolProp open-source libraries (Bell et al., 2014). Fluid temperature, pressure, velocity and properties, as well as rock temperature and heat
transfer between the heat exchanger and the rock and, for a co-axial heat exchanger, between the annulus and center-pipe, are coupled and solved
iteratively at each time step. Long-term AGS performance in the presence of uniform water flow in the reservoir is simulated by replacing the point
source and line source with the moving point and moving line source model Molina-Giraldo et al., (2011).

A.2 Validation of SBT and COMSOL models with Ramey’s analytical wellbore heat transmission solution

To ensure that the SBT and COMSOL models were yielding accurate results, several validation cases were performed using both simulators. One
such validation was a comparison with the wellbore heat transmission model by (Ramey, 1962). Ramey derived an analytical solution for the fluid
temperature over time within a wellbore undergoing heat exchange with the surrounding rock. The solution assumes constant fluid and rock
properties and no phase change in the well, and is only valid at long time scales (i.e, the thermal diffusion length must be significantly larger than the
well radius). Ramey’s solution for the fluid temperature in a well as a function of time and position is:

T(z,t) =T, +az — aA + (T4)(1) + aA — T,y ) e/
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where z [m] is the position along the well in the direction of fluid flow (with z = 0 at well inlet), t is the time [s], a the geothermal gradient [°C-m '] (a
is positive for injection wells with z = 0 at the surface and negative for production wells with z = 0 at the bottom of the well), T, is the rock temperature
at the inlet [°C], T; the fluid temperature at the well inlet [°C], and A a function [m 1] calculated as:

mCyy (ke + riUf(1)

A=
2ﬂ'ri Ukr

where m is the mass flow rate of fluid in the well [kg-s’l], Cp s the fluid specific heat capacity at constant pressure [J -kg’l-K’l], k, the rock thermal
conductivity [W-m’l-K’l], r; the tubing inner radius [m], U the overall heat transfer coefficient between inside of the tubing and outside of the casing
[W-m~2K™], and f(t) a time function capturing the transient heat conduction in the formation. In certain cases (e.g., water in liquid phase in
geothermal wells without insulated tubing), thermal resistance in the wellbore is negligible and A can be simplified as:
1 Cpy £(1)
A= Pf
27k,

At long enough time scales (i.e., typically after a week), f(t) can be estimated assuming an infinite constant heat flux line source. The corresponding

equation for long times is:

[ = —ln(rm/\/@ft ) —-0.29

with r, is the casing outer radius [m] and «, is the rock thermal diffusivity [m%s~1].

A test simulation was constructed for a 7 km long pipe in an infinite medium. The rock was initially at a uniform temperature of 100°C (i.e., no
geothermal gradient). The well was modeled as open-hole with radius of 0.0762 m, thermal conductivity of the rock is 2.83 W-m ™K~ ! and thermal
diffusivity were set at 1.2x10"® m?s™! respectively. Water at 50°C was injected at 10 kg-s_*. The outlet temperature as a function of time was
estimated with the Ramey equation and showed excellent agreement with the results of the SBT and COMSOL models (Fig. A1). The SBT model
discretized the pipe in 70 elements of 100 m length each. The COMSOL model assumed a two-dimensional axisymmetric setup with logarithmically
spaced mesh in the radial direction (i.e., element size grows in radial direction away from the pipe).

A.3 Validation of SBT and COMSOL models for Co-axial AGS cases

Several co-axial cases analyzed in Section 4.1 (heat conduction-only) were run both with the SBT and COMSOL models to validate the results.
Production temperatures simulated with these models for cases 1 through 3 and cases 7 through 9 are shown in Fig. A2, indicating excellent
agreement. Specifications for each case (e.g., reservoir temperature, fluid flow rate, etc.), were provided in Section 4.1.
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Fig. Al. Outlet temperature for test case calculated with Ramey, SBT model, and COMSOL. Test case considers a 7 km long pipe in rock medium initially at uniform
temperature of 100°C, with water injected at 50°C.
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Fig. A2. Comparison of production temperature simulated with COMSOL and SBT model for co-axial AGS Cases 1 through 3 and 7 through 9 (see Section 4.1),
indicating excellent agreement in results.
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A.4 Validation of SBT and COMSOL models for U-Loop configuration with one lateral section

The SBT and COMSOL models for the U-loop configuration were compared with the Ramey heat transmission analytical solution (Appendix A2),
applied sequentially to the injection well, horizontal lateral, and production well. The test case resembles Case 12 in Table 1 but with one lateral
instead of two laterals. The U-loop is 2 km deep and the horizontal section is 2 km long. The surface temperature is 20°C and the reservoir temperature
at 2 km depth is 150°C. The well was modeled as an open-hole channel with a radius of 0.1524 m. Water is injected at 20°C and 20 kg-s*. The thermal
conductivity of the rock was set to 2.83 W-m™1.K! and the thermal diffusivity is 1.2x107® m2.s~!. The COMSOL model considers a full three-
dimensional set up with roughly 7.4 million tetrahedral mesh elements. Production temperature calculated with SBT, COMSOL and Ramey is
plotted in Fig. A3, indicating good agreement between the three models. The Ramey solution predicts a slightly higher production temperature
(~0.2°C) because thermal interference between the lateral and vertical wells at the two 90° bends is not accounted for.
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Fig. A3. Comparison of production temperature with SBT model, COMSOL model, and Ramey for single U-loop configuration, indicating good agreement be-
tween results.

A.5 Van Oort et al. (2021) U-loop configuration

Using the SBT model, we conducted a long-term simulation for the AGS design considered by Van Oort et al. (2021). The system was a U-loop
configuration with two 7 km deep vertical wells and one 7 km long horizontal lateral. The reservoir temperature at 7 km depth was 222°C and the
geothermal gradient was 26°C-km !, We assumed both the injection well and the horizontal lateral to be open-hole with a constant radius of 0.1129 m.
The vertical producing well is vacuum insulated with a constant radius of 0.1129 m. Water is injected at 50°C with a flow rate of 97.2 kg-s*. The
thermal conductivity of the rock was 2.5 W-m ™K, density was 2700 kg-m~> and specific heat capacity was 1000 J-kg~1-K~!. We assumed the two
90° bends have a radius of curvature of 100 m. A large injection pressure of 100 bar was considered to ensure no flashing occurs of the water.
Production temperature and heat production as a function of time were plotted in Fig. A4. The left-hand side figures were plotted with a logarithmic
time-scale; the right-hand figures are plotted in linear time-scale. An initial peak of 220°C and 70 MWy, during the first few hours matches the results
obtained by Van Oort et al. (2021). However, when running a multi-year simulation with constant 97.2 kg-s~* flow rate, the production temperature
quickly dropped to around 70°C and the heat production dropped to about 5 MW,.
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Fig. A4. Production temperature (in°C) and heat production (in MWy,) as a function of time (plotted in logarithmic time scale on the left-hand side and linear time
scale on the right-hand side) for the Van Oort et al. (2021) U-loop configuration. Although heat production over 50 MWy, is obtained during the first few hours of
operation, the long-term heat production over 20 years settles around 5 MWy,.
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