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ABSTRACT

In this paper we simulate fluid flow and energy transport in the stimulated rock mass at the toe of the injection well in the Utah FORGE.
First, we verify the numerical approach with an analytical model for heat transport in a single fracture in hot imp ermeable rock. After that,
using reservoir data during stimulation, we estimate the rock mass permeability and investigate the fluid flow capacity from the injection
well to the production wellbore through the fracture network resulting from the Stage3 hydraulic stimulation of the Welll6(A)78-32. The
influence of fracture geometry and stimulated permeability change on fluid flow in response to step -rate injection schedule is also assessed.
Both the numerical calibration of the permeability using the pressure and pumping rate and the seismic events triggering fronts analysis
show good approximation in FORGE reservoir permeability. The study helps assess the best location for the planned production well and
is useful for measurements aimed at characterization of therock mass transport properties.

1. INTRODUCTION

In this work, we present numerical modeling of fluid flow by focusing on the hydraulic stimulated zones at the toe of Well 16A(78)-32 in
Utah FORGE. The FORGE (Frontier Observatory for Research in Geothermal Energy) site is located 250 km south of Salt Lake City,
Utah. The field experiment aims to help improve drilling, stimulation, and circulation technologies for Enhanced Geothermal Systems
development. The injection Well 16A(78)-32 is highly deviated, up to 65 degrees, and the temperature at the target zone is around 225
degrees Celsius. The intact rock permeability is very low (Zhou and Ghassemi) but many cracks and fractures in the reservoir enhance
the fluid flow and heat exchange capacity for the extraction of geothermal energy. Morethan 2000 natural fractures have been identified,
however, DFIT test results indicate that the rock permeability is still not enough to allow water to circulate between the wells (M oore et
al., 2019, Xing et al., 2021, Xing et al., 2022). To improve the fluid flow, well stimulation by hydraulic fracturing has been planned and
carried out to enhance fluid circulation potential of the planned doublet.

Modeling of the Utah fracture reservoir rock mass can be done using a discrete fracture network approach (Ratnayake and Ghassemi,
2022) with the fractures explicitly considered. In our work, we consider the equivalent permeability of the discrete fracture network around
the stimulated zone. The fluid flow and heat transport are simulated using a finite-difference method with stress-dependent permeability.
First, the model is verified using a theoretical model for heat extraction by circulating water in a fracture in geothermal reservoir (Cheng
and Ghassemi, 2001, Lowell 1976), then the simulation model is compared with a lab-scale EGS experiment to observe the impact of
induced fracture on the heat mining by fluid circulation in a mini-EGS reservoir (Hu and Ghassemi, 2020). After the numerical model
verification, the field-scale numerical simulations are carried out to analyze the circulation potential and the expected pressure and
temperature variations in the Utah FORGE stimulated reservoir volume (SRV). The model has been calibrated based on the FORGE
pressure observations during the stimulation process and used to estimate the stimulated volume around the Well 16A(78)-32 and its
permeability. In addition. the induced microseismic clouds for 3-stage hydraulic stimulations are also analyzed to obtain the permeability
based on the concept (Shapiro et al., 1997) of the triggering front in an effective isotropic homogeneous poroelastic rock. T he results of
both approaches are compared in relation to the stimulation outcome and flow potential with reference to the concept of flow impedance.

2. NUMERICAL MODELING

Fluid flow, and heat transport in EGS has been extensively studied in the past decades using the boundary and finite element methods
(Cheng et al., 2001; Ghassemi et al., 2003, 2005, 2007, 2008; Zhou et al., 2009; Ghassemi and Zhou, 2011; Rawal and Ghassemi, 2014;
Safari and Ghassemi, 2015 and 2016; Xia et al., 2017; Gao, Q., Ghassemi, A. 2020). In this work, we utilized a finite difference method
(Kipp, et al., 2008) and consider a stress dependent DFN permeability model to simulate hydraulic fracturing. The model considers the
conservation equations for mass, momentum, and energy balance.

2.1 Model Verification

For the coupled fracture/reservoir model, we first verify the equivalent permeability approach to represent the fracture grid-blocks in the
finite-difference domain. The analytical model for temperature change by cold water injection into the fractured hot dry rock was
performed by Gringarten et al. (1976), Lowell (1976), Cheng et al., (2001). Here we focused on a single fracture connecting the injector
and producer to compare the temperature change by fluid flow. The model’s grid-block size is 10 m for x, y, z-direction and the total
number of grid-blocks used are 30, 31 and 32 in each direction. Thesingle fracture is 300 m in length, 100 m in height, and is represented
by al0 m wide zone of grid blocks as described in Fig. 1(a). Forthe fracture flow in finite-difference grid-blocks domain, the equivalent
permeability is calculated and applied using the relationship between the Cubic’s law and the Darcy’s law comparing the slit flow amount
within the fracture and the corresponding equivalent grid-block Darcy’s flow rate. For instance, the analytical study of fracture flow in
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hot geothermal rock by Cheng et at. (2001), we can derive the equivalent permeability for the following fracture L = 300 m, b =0.03 cm,
and v= 0.5 cm/s as tobe k = (w3/12)/(width of grid-block) = 2.25x10-10 m2. Input parameters for the analytical model and numerical
simulations are presented in Table 1. Comparison of numerical modeling and the analytical solution data for temperature change by cold
water injection is presented in Figure 1(b). The simulation results show good agreement with the analytical solution except for when a
cold waterfront moves into the hot rock at the relatively early stage. The numerical results of pressureand the temperature change after
15-years of fluid circulation are presented in Figure 2 and Figure 3.

Table 1: Input parameters for an analytical fracture flow model and numerical simulations

Parameter Value
Fracture length, L 300 m
Fracture width, b 0.3 cm

Fluid velocity, v 0.5 cm/s
Heat Conductivity ofrock, K, 6.2x107 cal/em-sec-°C
Heat capacity of rock, C; 0.25 cal/g-°C
Heat capacity of rock, Cy, 1.0 cal/g-°C
Density ofrock, pg 2.65 glem’
Density of water, p,, 1.0 glem®
Reservoir temperature, Tres 300 °C
Reservoir temperature, T, 40 °C

(b}
350
300
250
e
: o 20fF
P21
o B
8 150
E
2 5
100 - Analytical - 1 Year
[ ] Numerical - 1 Year
Analytical - 5 Years
50 r'y Mumerical - 5 Years
Analytical - 15 Years
® Numerical - 15 Years
PO TR U WA P Tt N W (O SAAW  V h
DO 50 100 150 200 250 300
x (m)

Figure 1: (a) Discretized grid model for single fracture flow between the injector and the producer. (b) Comparison of the
temperature changes from the numerical simulation with the analytical solutions.
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Figure 2: Nermerical model results of pressure distribution around the fracture for 15 year fluid circulation. (a) horizontal cross-
section view of pressure change, (b) vertical cross-section view of pressure change.Nermerical model results of pressure
distribution around the fracture for 15 year fluid circulation. (a) horizontal cross-section view of pressure change, (b)

vertical cross-section view of pressure change.
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Figure 3: Nermerical model results of temperature distribution around the fracture for 15 year fluid circulation. (a) horizontal
cross-section view of temperature change, (b) vertical cross-section view of temperature change.Nermerical model results
of temperature distribution around the fracture for 15 year fluid circulation. (a) horizontal cross-section view of
temperature change, (b) vertical cross-section view of temperature change.
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2.2 Numerical Modeling of Fluid Flow in the Stimulated Rock Around Utah FORGE Well 16A(78)-32

In this section, we model a 3-stage hydraulic stimulation of Well 16A(78)-32. The coordinate of the modeling domain is UTM (m) —
333,358(m) for x-coordinate and UTM (m) — 4,261,781(m) for y-coordinate. The x- and y-coordinates are rotated 30° to align the
simulation domain with the maximum horizontal stress direction (the orientation of the maximum horizontal stress is given as N30°E in
Moore et al., 2019) for the meshing and computation of equivalent permeability — hydraulic fracture propagation direction. Figure 4(a)
illustrates the reservoir simulation domain. The natural fractures geometry has been obtained from the FORGE Geothermal Data
Repository . Figure 4(b) shows the equivalent permeability due to the discrete fracture network (DFN) distribution around the well and the
location of each stage for hydraulic stimulation. The total number of grid-blocks are 65, 60, and 60, respectively, and the grid-block size
for finite difference method simulation is 10m, 10m, and 10 m for x-, y-, and z-direction. The input parameters used for FORGE
stimulation modeling are listed in Table 2, and theinitial pressureand temperature distributions are provided by Native Stage FALCON
input data from Idaho National Laboratory.
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Figure 4: (a) Reservoir domain size and grid-blocks for fluid stimulation modeling of stage 1,2, and 3. The blue line indicates the
trajectory of Well 16(A)78-32. (b) DFN permeability distribution around Well 16(A)78-32. The locations of the stages are
markedon the blue line as stage 1 - red, Stage 2 —black dot, stage 3 —yellow dot. The white andredline show the prospective
doublet for circulation test.

Table 2: Input parameters for Utah FORGE stimulation modeling

Parameter Value

Porosity, @ 1%

Thermal conductivity, Ky 4.0 Wm-K

Matrix permeability, K Discrete Fracture Network upscaled permeability distribution
Heat Capacity, ¢y 1200 J/Kg-K

Density ofrock, pg 2.7 glem’

Residual saturation of water, S,,,,- 0.30

Residual saturation of steam, S, 0.05
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The discrete fracture network data around those zones are used (https:/gdr.openei.org/'submissions/1317) to generate equivalent
permeability for finite difference grid-block’s property. After implementation of DFN permeability, the Gaussian smoothing process is
utilized to improve the numerical stability (Figure 4(b)). For the initial permeability distribution in the numerical modeling, upscaled
simplified DFN permeability data is used and processed with a Gaussian smoothing algorithm with smoothing parameter, o= 0.5. The
boundary conditions at the bottomhole is set to 31°C based on modeling using Ramey (1962) method. For instance, the inlet water
temperature at the surface is assumed to be 15°C, the reservoir rock temperature gradient is 84.6 °C/km (assuming constant temp erature
gradient), and the flow rate is 50 Kg/sec.

To model the fluid-induced permeability increase, a pressure-dependent permeability is assumed. In particular, the permeability is
assumed to increase exponentially according to the exponential relationship (M orrow and Lockner, 1994, Nathenson, 1999):

ke = ke P (12)

where £, ko, 0, p, po are permeability, initial permeability, material constant, pressure, and initial pressure, respectively. The material
parameter o is a control parameter to estimate fluid-induced permeability increase and this may adjust depending on the fracture volume
and geometry. In this example study, weset a to 0.025~0.030/kPa.

Stage 3 pressure numerical modeling work is compared with field observations. In contrast with Stage 1 and Stage 2 hydraulic
stimulations, the microseismic events for Stage 3 shows anisotropic clouds which suggest thelocalized rock failures by fluid stimulation
rather than the isotropic diffusion behavior in Stage 1 and 2. Figure 5 illustrates pressure modeling compared with field data for Stage 3
hydraulic stimulation test. The bottom hole pressureis obtained by adding the hydrostatic pressure gradient (0.433 psi/ft) at 8530 ft to the
wellhead pressure. The loss of pressure by longitudinal wellbore friction and near wellbore pressure drop by tortuosity and/or perforation
friction are not considered in this modeling work. However, the field data is adjusted by subtracting the possible tortuosity and/or
perforation friction. The estimation of pressure drops due to tortuosity is not included, but we assumed approximately 5-10 MPapressure
losses in the simulations.

The anisotropic permeability model has been applied for numerical modeling since the anisotropic microseismic events cloud observations
for Stage 3. The calibrated maximum permeability is 60 md for y-direction, 30 md for z-direction, and 6 md for x-direction. After the
maximum injection rate pumping, the permeability also decreased to 20 md for y -direction, 10 md for z-direction, and 2 md for x-direction.
This localized permeability distribution shows good agreement with the field data and the possible localized rock failure. Note that the
numerical domain is rotated 30° from the North to East direction to align with the maximum horizontal stress direction, so the anisotropic
equivalent permeability could represent the average fluid path around the Stage 3 hydraulic stimulation.

150

Bottomhole Pressure
——=a—— Pressure Modeling
Slurry Rate
— — — - x Permeability
—————— y Permeablity
— — — = 2z Permeability

@ o
o o
! I

~

o
=
o
o

g
Slurry Rate (bpm)

&
o

Pressure (MPa) or Permeabiltiy (md)
s 8 3
3

—
o

Time (min)

Figure 5: Pressure modeling results for Stage 3 are plotted in green line. The field pressure andinjection rate are also plotted for
the comparison (red - bottomhole pressure, blue — injection rate). The black line is the maximum permeability in the
modeling with respect to the pumping rate. The recorded time has been shifted by to = 109.6 min in the plot since the time
record began from the initial pressure testing. The anisotropic permeability model has been implemented to match the
anisotropic microseismic events clouds. The highest permeability is in y-direction (the maximum horizontal stress
direction), the intermediate permeability is inz-direction (the vertical stress direction), and the lowest permeability isin x-
direction (the minimum horizontal stressdirection).
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Numerical simulations for permeability and pressure change induced by pumping rate changes for Stage 3 are presented in Figure 6 and
7. The Stage 3 permeability changes are more localized to the maximum horizontal stress direction since the model implements the
anisotropic permeability model. The highest z-directional permeability and pressure distributions are presented in Figure 6(c) and Figure
7(c) each.

The iso-volume plot for pressure change from top view and side view for Stage 3 are presented in Figure 8. The volume plot is obtained
by pressure change (AP) higher than 5 M Pa, which is approximately 350 m in lateral direction and 290 m in vertical direction. Estimated
stimulated volumes are also plotted around the Well 16A(78)-32 as shown in Figure 8. The stimulated volume from the numerical model
is compared with the microseismic events cloud for Stage 3 in Figure 9. The SRV from the simulation with the anisotropic pressure-
dependent permeability shows good agreement with the recorded seismic events.

Depth (m)

Figure 6: z-directional permeability distribution for S tage 3 at different times are plotted. (a) 20 min injection, q = 15 bpm, (b) 60
min injection, q=30 bpm, (c) 106 min injection and the injection rate is the maximum at q=35 bpm, (d) 137 min injection
and q = 5 bpm.
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Figure 7: Pressure distribution for Stage 3 at different times are plotted. (a) 20 min injection, q= 15 bpm, (b) 60 min injection, q
=30 bpm, (c) 106 min injection and the injection rate is the maximum at q = 35 bpm, (d) 137 mininjection and q = 5 bpm.

(a) b}

1800 delP (MPa) 2200 delP (MPa)
21E+01 21E+01
1.9E+01 1.9E401

110 176401 gt 17641
1.56+01 156401

1 1.36+01 \«.\_ 138401
1600 | 1.1E+01 = 2100 | 1.1E+401
9.0E+00 1 9.0E+00
sl 7.0E+00 7.0E+00
— 1500 E| [ 5.0E+00 2500 5.06400
- 30E+00 | § 3.06+00
108400 | < 1.0E+00
(/ 1400 2600
=]
1300 2700
Y 1200 z 2800~

Figure 8: (a) Top view of stimulated volume after Stage 3 fluid stimulation modeling. The plot represents an iso-volume plot for
delta P change higher than 5 MPa, (b) Side view of stimulated volume after Stage 3 fluid stimulation modeling. The plot
represents an iso-volume for delta P change higher than 5 MPa.
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(a) (b) .

Figure 9: (a) 3D view for the comparison of modeling results of stimulated volume (light brown) and microseismic event (blue
dots) for Stage 3. (b) Top view for the comparison of modeling results of stimulated volume (light brown) and microseismic
events (blue dots).

3. CONCLUSIONS

A coupled fracture/reservoir model for EGS has been used to model the fluid stimulation between wells with capabilities to simulate two-
phase water pressure, temperature and enthalpy change has been demonstrated. The numerical modeling was first validated with an
analytical solution for a single fracture between the injector and the producer. Simulation results are in good agreement with analytical
solutions for pressure and temperature change in injector and producer. Next the numerical model was carried out to analyze the Stage 3
fracturing in Utah FORGE. The results show good agreement with the pumping pressure observed in the field. Also, the stimulat ed
reservoir volume conforms to the volume covered by the MEQ cloud recorded during stimulation. The model was used to carry out
circulation between the injection and the planned production well. It was observed that an effective circulation would not be established
by solely relying on the initial permeability distribution. However, with fracturing, circulation is established with an impedance value of
0.5 ~ 5 MPa/(kg/sec). This could be much more favorable if the actual natural fracture locations and geometry around the stimulation
zone are more optimum. Planned field tests will provide data to address this question.
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