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ABSTRACT

Enhanced geothermal systems (EGS) have emerged as an alternative energy supply that is both green and tackles climate change.
Multi-stage hydraulic fractured horizontal well design is a promising design for economic EGS development. In our previous work,
we proposed a partially bridging fracture pattern that forces water to flow through the stimulated reservoir volume (SRV) of an EGS,
which improves heat extraction efficiency. In this work, we use a fully coupled thermal-hydraulic-mechanical (THM) model,
developed in the reservoir simulator, FEHM, to evaluate the associated induced seismicity and secondary permeability enhancement
in the SRV during production for the proposed EGS design. The model includes coupled reservoir and horizontal wellbore
components that account for the thermo-poroelastic induced stress changes and permeability enhancement over a 20-year production
period. A Mohr-Coulomb failure criterion and empirical fracture permeability model are applied to describe permeability evolution
and induced microseismicity associated with the stress evolution in the system. We use these to evaluate the style of permeability
enhancement, and the rate of triggered seismic events. We found that SRV permeability may be significantly enhanced during 20
years of production, leading to a higher total amount of thermal energy extraction, higher rates of induced seismicity but earlier
thermal breakthrough.

1. INTRODUCTION

The heat energy stored in impermeable hot dry rock (HDR) at depths of 2 - 10 km and thus at temperatures between 150 and 650°C
is an enormous potential resource for both generating electricity and for direct use (Tester et al., 2006; Chamorro et al., 2014; Lei et
al., 2020). Enhanced geothermal systems (EGS) have been proposed to accelerate the production of thermal energy from HDR via
the application of stimulation technologies including hydraulic fracturing, hydroshearing, thermal stimulation or chemical
stimulation. These interventions improve permeability and potentially fluid-rock contact area for heat transfer (Dempsey et al. 2015;
Norbeck et al., 2018; Moore et al., 2019).

In recent years, the application of horizontal well drilling and multi-stage hydraulic fracturing technologies have been investigated,
from theoretical and practical perspectives, to create artificial fracture networks with large stimulated reservoir volumes (SRV)
(Shiozawa & McClure, 2014; Jung, 2013; Xu et al., 2018; Han et al., 2019). Our previous research (Yu et al., 2021) proposed a multi-
stage partially bridging fracture doublet horizontal well EGS design to force the flow of water through the SRV. This design is a
modification of the fully bridging fracture design proposed by Gringarten et al. (1975), as shown in Fig.1. In the fully bridging fracture
design (Fig.1a), cold water flows directly from the injection well to production well via connected hydraulic fractures. In this case,
the size of the heat extraction zone is limited by the penetration length of injected water into the SRV.

The partially bridging fracture design could increase mass flow rates of water through the SRV (Fig.1b). Half of the hydraulic
fractures are propagated from the production well but are stopped short of the injection well. The other half are grown from the
injection well and stop short of the production well. Therefore, hydraulic fractures in the partially bridging fracture design do not
directly connect the injection and production wells. This novel design would force the water injected from injection well to enter and
flow through the SRV, later exiting in the fractures connected to the production well.

In our previous work, we built thermo-hydraulic-mechanical (THM) coupling numerical models to compare the thermal performance
between partially and fully bridging fracture design. This indicated that the partially bridging design (Fig.1b) could produce water
with higher temperature for the same total volume of circulated water, suggesting an improved heat sweep and delayed short-
circuiting. We also analyzed the techno-economic feasibility of the proposed design for direct heating applications, quantifying
economic and environmental benefits (Yu et al., 2022).

Although our theoretical results demonstrated that partially bridging fractures would promote extensive secondary shear failure due
to thermo-poroelastic stressing, the associated permeability enhancement was not evaluated. However, such enhancement over the
production period, particularly within the SRV, can be expected to affect thermal performance and breakthrough. In addition, there
is also a need to consider induced microseismicity, and whether this is exacerbated for particular fracture designs or by secondary
stimulation processes.
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In this study, we developed a 3D THM coupled numerical model in an engineered reservoir with a wellbore system that uses a multi-
stage partially bridging fracture doublet horizontal well EGS design. We use the stress-dependent permeability simulation framework
developed by Dempsey et al. (2015) to evaluate this sub-grid-scale permeability enhancement during the production period. The
thermal performance and permeability evolution during the operational period is analyzed for the proposed partially bridging fracture
EGS design. In addition, we modelled induced seismicity over the production period as a function of the volume-weighted excess
shear stress change (Riffault, 2019). The spatiotemporal evolution of seismicity rate is investigated.

Figurel: Schematic diagram of EGS designs with paired horizontal injection and production wells, and two fracture designs
connecting them. (a) Fully-bridging hydraulic fractures, after Gringarten (1975) (b) Partially-bridging hydraulic
fractures, after Yu et al. (2021). Arrows denote fluid flow pathways.

2. THM COUPLING AND PERMEABILITY ENHANCEMENT NUMERICAL MODEL CONSTRUCTION

We established the 3D THM coupling numerical model for the proposed multiple partially bridging fracture doublet horizontal well
EGS design using the Finite Element Heat and Mass transfer (FEHM) simulator (Zyvoloski et al., 1997). In this numerical model,
we construct both reservoir and horizontal wellbore compartments to capture the heat, mass flow and rock mechanics characteristics,
which reflect the mixing processes in long horizontal wellbores with multiple perforations allowing fluids to enter from, and exit into,
the reservoir. The governing equations for mass, energy and stress balance used in the FEHM are (Kelkar et al., 2014):
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where p,,, i, ¢y, are the density, viscosity, specific heat capacity of the fluid; ¢, k, p, are porosity, permeability and density of the
rock. (pcp)e p fand A, are effective volumetric heat capacity and thermal conductivity, o and b are the stress tensor and body force

vector, € and u are the strain tensor and displacement vector, A4, G ,E, @ and § are Lamé’s parameter, shear modulus, Young’s
modulus, coefficient of thermal expansion and the Biot coefficient, g is gravity, p and T are pressure and temperature, and Q,,, and
Qp are mass and energy source terms. In the simulation model, permeability is calculated as a function of & (Section 2.2), which is
then updated at the end of each time step.

2.1 EGS reservoir and horizontal wellbore models

The computational domain built in this study is subdivided into an unstimulated reservoir zone enclosing separate SRVs and fracture
zones, as well as horizontal injection and production well zones. In this study, we used a design that comprises four idealized and
partially bridging fractures and three intervening SRV zones. The computational domain spans a 2000x500x300 m volume centered
at a depth of 3000 m. Vertical fractures are evenly distributed between the toe and heel of the wellbore (Fig.2a). The fracture height
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and aperture are 30m and 1mm respectively. The fracture length is 300m but could be altered to analyze the effect of fracture length
on thermal performance.

In the horizontal wellbore model, we considered the flow inside of wellbore boundary and the associated perforations on the horizontal
wellbores that provide flow linkages between fractures and wells. The wellbore model is built in FEHM by assignment of node
properties (Fig.2b) to represent the horizontal wellbores, casing, and fracture perforations located along the wellbore boundary
(Dempsey et al., 2015; Yu et al., 2022). Well nodes are assigned 100% porosity and high permeability, while the casing is
impermeable and has zero porosity. Perforation nodes are assigned the same permeability and porosity as the fractures. As shown in
Fig.2b, Water is injected into the injection wellhead node where it flows along the wellbore and through the injection perforation
nodes into the injection fractures. From there, it flows across the SRV zones to advect the heat delivered from the rock matrix. Water
exits into the production fractures and from there into the horizontal production wellbore via the production perforation nodes, exiting
at the production wellhead node. Representative parameters for reservoir and wellbore simulators are listed in Table 1. For detailed
introduction, please refer to Yu et al. (2022).
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Figure 2: (a) Vertical section through reservoir (x-y plane view) of model mesh for four partially bridging fracture models
and (b) a schematic diagram of node assignments and connections in the FEHM framework. Mesh spacings are
indicative only.

Table 1: Physical parameters of reservoir-fracture-well model (Dempsey et al. 2015; Yu et al., 2022).

Background
Fracture &

Parameters rock SRV perforations  Wellbore Casing
Density (kg/m?) 2500 2500 - - 2500
Heat conductivity (W/(m-K)) 25 25 - - 2.5
Heat capacity (J/(kg-K)) 1000 1000 - - 1000
Porosity (%) 1 2 100 100 0
Permeability (m?) 10716 5x10°1° 6.2x10712 5x10°° 10718
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Young’s modulus (GPa) 60 60 - - 60
Poisson’s ratio 0.2 0.2 - - 0.2
Thermal expansion coefficient (K1) 5x107° 5x 107 - - 5x 107
Biot coefficient 0.5 0.5 - - 0.5

2.2 Stress-dependent permeability model

In order to simulate reservoir permeability enhancement during 20 years of production and rock cooling, we used the stress-dependent
permeability model developed by Dempsey et al. (2015). In this model, each reservoir control volume (computational node) in the
FEHM model includes a number of throughgoing, non-intersecting, variably oriented fractures that do not interact mechanically.
Each of these fractures has some initial permeability that can change according to the local stresses and Mohr-Coulomb failure
criterion.

Failure of each fracture is assessed in terms of the Mohr-Coulomb criterion, which is here formulated in terms of the excess shear
stress, .y, describing the proximity to failure:

Tex = 7] = us(0 —p) = So Q)

where 7 and a,, are the shear and normal stress on the fracture, p is the fluid pressure in the fracture, and p; and S, are the static
coefficient of friction and cohesion. Excess shear stress is generally less than zero for stable fractures, which indicates the current
shear stress on the fracture is too small to overcome the combined stabilizing influence of static friction and cohesion. As 7.,
approaches zero, the fracture becomes critically stressed; when it reaches zero, the fracture fails. Eq.(7) considers two of the
mechanisms contributing to this failure; (i) an increase in fluid pressure within the fracture; and (ii) a decrease in the normal stress
due to cooling.

The nodal permeability is calculated as the ensemble sum of all fracture permeabilities within the control volume of that node. An
empirical equation is used to describe the relationship between shear displacement, u,and permeability enhancement, Ak (Lee et al.,
2002; Dempsey et al., 2015):

Akmax

Ak = 1+exp (In(19)x(1-2
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Ugs—Us

where Ak,,q, i the maximum change in permeability, and us and ugs are the shear displacement at which Ak is 5% and 95% of the
maximum. Because Ak is an absolute change in logarithm-space, it corresponds to a multiplier of the untransformed permeability,
i.e., k' = 104% x k. In this paper, we have used the values from Dempsey et al. (2015), who developed a history-matched model for
EGS shear stimulation at the Desert Peak geothermal system in Nevada: Akp,q,=1.7 log (m"2), us=1 X 1073m, ugs=7 x 10~3m,
initial SRV permeability k=5 x 10~15m?, fractures per control volume, N = 100, shear fracture stiffness, K, = 5 x 102MPa/m,
dynamic friction coefficient, u; = 0.65, S, = 0, ug = 0.75.

The permeability enhancement and SRV permeability change under different shear displacements is shown in Fig.3; the SRV
permeability increases from an initial permeability of 5 x 10~'5m? with an increase in shear displacement. The maximum SRV
permeability resulting from shear-slip within the reservoir is 2.5 x 10~3m?2. The reservoir permeability will maintain its maximum
even if the shear displacement continues to increase as shown in the Fig.3b. Although there is significant uncertainty in the parameters
used in the model, the qualitative response of a partially bridging fracture-wellbore-reservoir system may be recovered — honoring
the principal physical feedbacks in such a system.



Yuetal.

10?
d fully stimulated b fully stimulated
~ 10-13
E
=
& 10" A E
< :
é partially stimulated E partially stimulated
a
>
o
w0
10714_
109 4 X
unstimulated unstimulated
0 2 4 6 8 10 12 R s 6 8 10 12
Shear displacement(mm) Shear displacement(mm)

Figure 3: Permeability enhancement (a) SRV permeability (b) model under different shear displacement used in this study
based on Eq.(8)

2.3 Induced seismicity rate model
The normal and shear stress depend on the orientation of the fracture relative to the principal stresses and may be expressed as:

0 =5 (01 +03) + (01 — 3)cos (26) ©)
7 =~ (0, — 03)sin (26) (10)

where ag;,05 are the maximum and minimum principal stresses, and 6 is the angle between the fracture plane and orientation of the
maximum principal stress. The fracture orientation most likely to fail in shear is 6 = % + arctan (us), which corresponds to:

1
tanf = — - (12)
therefore, the excess shear stress may be expressed as:
1 1
Tex = ;(01 — o) + 1)V - ;Ms(CH + 03) + usP — S,. (12)

We assume that induced seismicity is a function of the calculated excess shear stress, 7., as it originates due to the occurrence of
shear slip. Riffault et al. (2018) showed that it is possible for small fractures to fail and generate microseismic events but not
necessarily generate an increase in bulk permeability, which depends more on the size of fractures and their interconnectedness.
Further, small stress variations are able to trigger shear failure (Townend and Zoback, 2000). Hence, we use the following model for
induced earthquakes: events are generated whenever excess shear stress is increased in the computational nodes, and there is no
minimum threshold that must be exceeded, contrary to our permeability model. Therefore, as nodes and where time steps with At,, =

% > 0, the total induced seismicity rate, A, of whole reservoir is expressed as:

A= Zzt:ni ks X ATy X Wy (13)
where k; is the seismogenic density, Az, is the change in excess shear stress of node n for a given time step t, 1, is the control
volume associated with the node n, n;,; is the total number of the computational nodes used in the FEHM simulator of the four
partially bridging fractures in the model.

2.4 Initial and boundary conditions

The initial reservoir temperature increases linearly from the upper boundary (z = —2850 m) to the lower boundary (z = —3150m)
of the computational domain with a high assumed geothermal gradient of 0.06 °C/m. The temperature at the upper surface of the
reservoir is 250°C. Initial fluid pressure was assumed to be hydrostatic and calculated as p; = p,, gz , where z is the reservoir depth
and varies between -2850 and -3150 m. We assume an extensional stress regime in the model, the initial vertical stress
0, = g, = 0, = p,.gz, Where p,. is the density of the reservoir. The initial minimum horizontal principal stress, g; = g, = 0y is
determined as 0.61a,. The initial maximum horizontal principal stress, 6, = oy = g, is calculated as half of the sum of o, and g},
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(Dempsey et al. 2015). All model boundaries were closed to heat and mass flow. Roller displacement boundary conditions are applied
to all boundaries of model.

Fluid with an initial temperature of 30°C was injected at the wellhead node of the injection well with a fixed and constant injection
pressure. The constant injection pressure is the maximum pump injection pressure that is equal to the minimum principal stress, which
is designed to estimate maximum injection pressure allowed that could avoid propagation of the main hydraulic fractures. The
minimum principal stress is calculated assuming a critically stressed crust limited by Mohr-Coulomb frictional failure in a normal
faulting environment. Thus, p,,.» IS given by (Jaeger et al. 2009):

-2
Pmax = (Uv - pf) (I’Ls +41+ Hg) + Dy (13)

A typical value of ug = 0.75 is used in this study. For example, at a depth of 2850 m, o, = 69.9 MPa, the initial reservoir pressure ps
is 280 MPa, and the constant injection pressure is 38.5 MPa, representing a permissible fluid pressure increase of 10.5 MPa. The
pressure in the horizontal production well is also fixed, which is 5 MPa lower than the reservoir initial pressure. This value is
sufficiently low to ensure that fluid does not generally flash to steam in the wellbore.

3. SIMULATION RESULTS

In this section, we first compare the thermal performance between models accommodating SRV permeability enhancement and those
with fixed SRV permeability. The goal is to evaluate the effect of permeability evolution on both thermal energy extraction and
reservoir impedance (injectivity) over 20 years of production (Section 3.1). We also show permeability and temperature contours at
different locations and times to analyze the distribution and style of permeability enhancement and resulting breakthrough. Section
3.2 compares the seismicity rate and cumulative seismicity over 20 years. The spatial distribution of seismicity within the reservoir
is also investigated.

3.1 Thermal performance of contrasting constant and enhanced SRV permeability models

Models with and without permeability enhancement produce water at different rates and are therefore not directly comparable at the
same time. Instead, we compared production temperature and injectivity enhancement as a function of cumulative energy extraction
between different models. Injectivity is defined as the ratio of volumetric injection flow rate to injection pressure across the reservoir.
Injectivity enhancement is defined as the ratio of injectivity to initial injectivity. As shown in Fig.4, permeability enhancement models
accelerate thermal breakthrough (Fig.4a) and increases the injectivity significantly compared to the assumption of static permeability.
This is because, as SRV permeability is increased during production, a larger volume of water can be injected into and flow through
the SRV domain under the fixed pressure injection-production conditions. This accelerates cooling and leads to an earlier thermal
breakthrough.

Although thermal breakthrough is observed earlier when permeability enhancement is taken into account, the extracted total heat
energy is approximately double that where no SRV permeability enhancement is accommodated. This also suggests that both the
extent and timing of thermal breakthrough, as well as the amount of total extracted heat energy, are underestimated when neglecting
secondary stimulation during long-term EGS operation.

Simulation time = 20 years

4.0
250 a b

3.51

225 1

= N
~ =]
wn S)
L 5
N w
] =)
1 1L

Temperature (°C
=
(9}
[=)
Injectivity enchancement
N
o

1.5 1
125 A
1.0 1
\‘\
~
100 - e
0.5 1 ==
75 1
T T T T T T 0.0 T T T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Cumulative energy extraction ( T) ) Cumulative energy extraction ( T] )
—— SRV permeability enhancement model === No SRV permeability enhancement model

Figure 4: Comparison of (a) temperature and (b) injectivity enhancement between SRV permeability enhancement (solid
line) and non-enhancement models (dashed) during a 20 year production period. For a parametrically consistent
comparison, model quantities are plotted against cumulative energy extraction rather than time.
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We analyzed permeability and temperature distributions when approaching thermal breakthrough (t = 2.5, 4, 5.5 years). Figs. 5-7
show contours through a horizontal(z-) plane at 3000 m, with the thermal front moving from the injection fracture to the production
fracture through the SRV. Permeability enhancement fronts follow a similar pattern, moving from the side of the injection fracture to
the production fracture. This is because the effective normal stress close to the injection fracture is decreased due to cooling and
pressurization, both of which increase the excess shear stress and promote fracture failure. After 5.5 years, most of the SRV has
experienced some degree of permeability enhancement, although this result will vary in different parameterizations.

Between 4 and 5.5 years, thermal breakthrough is observed as a sharply decreasing production temperature (Fig.7b), consistent with
the permeability enhancement trend. At the same time, there is reasonably close correspondence between distributions of temperature
and permeability enhancement. This suggests that if one could be measured, it might be used as a proxy for the other.
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Figure 5: Permeability enhancement (a) and temperature (b) distribution on a horizontal plane cutting the reservoir at a
depth of z=-3000m at t = 2.5 years for the SRV permeability enhancement model using four partially bridging fracture
doublets linked by horizontal wells penetrating an EGS reservoir. Note: (a) also shows the locations of injection
fractures, production fractures, injection and production wells and the SRV as white dotted lines.
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Figure 6: Permeability enhancement (a) and temperature (b) distributions on a horizontal plane cutting the reservoir at a
depth of z =-3000m at t = 4 years for the SRV permeability enhancement model using four partially bridging fracture
doublets linked by horizontal wells penetrating an EGS reservoir.
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Figure 7: Permeability enhancement (a) and temperature (b) distributions on a horizontal plane cutting the reservoir at a
depth of z=-3000m at t = 5.5 years for the SRV permeability enhancement model using four partially bridging fracture
doublets linked by horizontal wells penetrating an EGS reservoir.
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3.2 Induced seismicity rate of contrasting constant and enhanced SRV permeability models

Fig. 8 shows how the relative seismicity rate changes over time for models with and without permeability enhancement. The relative
seismicity rate has been defined as the ratio the current seismicity rate to the average seismicity rate over 20 years for a constant
permeability model.
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Figure 8: Relative seismicity rate (a) and temperature (b) change over 20 years production comparison between the
permeability enhancement ond constant permeability models for the SRV.

As shown in Fig. 8, the seismicity rates decrease over time for models both with and without permeability enhancement. The
maximum seismicity rate is observed in the early production period for both models. This might be because the most significant
thermal contraction is triggered by cooling water injection (largest temperature gap between injection temperature and reservoir
temperature), thereby resulting in extensive excess shear rate changes near the injection fracture area at early production time.

For the model with permeability enhancement, most seismicity is observed before thermal breakthrough (Fig. 8) with the seismicity
rate dropping significantly during thermal breakthrough. During this time, the temperature difference and induced thermal stress
within the reservoir becomes much smaller.

Fig. 9 shows the relative cumulative seismicity for models both with and without permeability enhancement. The relative cumulative
seismicity is defined as the ratio between cumulative seismicity and total seismicity at the end of the 20-year simulation for the
reservoir without permeability enhancement. Although more energy is extracted when permeability enhancement accommodated,
there are also more induced earthquakes. Interestingly, the permeability enhancement model generates more events per unit of energy
extracted from the reservoir. This makes sense because extracting energy involves decreasing rock temperature, which induces larger
thermal stresses. Hence, there is a trade-off between maximizing cumulative energy extraction from an EGS while accepting some
degree of seismicity.
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Figure 9: Relative cumulative seismicity rate for models both with and without permeability enhancement.

Fig. 10 shows the evolution of the spatial pattern in seismicity during thermal breakthrough (t = 2.5, 4, 5.5 years) for the model with
permeability enhancement. The areas of densest seismicity migrate from the injection fractures towards the production fractures with
increased time. Furthermore, the relative seismicity rate is decreases significantly as the contrast between injection temperature and
reservoir temperature drops during breakthrough. Comparing the seismicity patterns (Fig.10) to temperature and permeability
enhancement evolution (Fig.5-7), it may later be possible to use seismicity as a constraint on cooling and secondary stimulation
during EGS production. This idea has been applied in EGS stimulation by Riffault (2019), who used short-term seismicity data to
map the permeability distribution after stimulation tests.
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Figure 10: Relative distribution in seismicity rate for the permeability enhancement model at different times during thermal
breakthrough (a: t =2.5year; b: t = 4.5 year; c: t =5.5 year) on a horizontal plane cutting the reservoir at z = -3000m.

4. CONCLUSION

We use numerical models to investigate permeability enhancement and induced seismicity during a 20-year production period in an
EGS reservoir penetrated by four partially bridging fractures spanning a doublet horizontal well design. A 3D THM reservoir-fracture-
wellbore coupling model was built using the FEHM simulator. A stress-dependent permeability model considering the thermo-
poroelastic effect was used to simulate permeability evolution during the production period. Induced seismicity was modelled as a
function of excess shear stress changes over time. Our main conclusions are summarized as:

(1) During the EGS production period, consideration of permeability enhancement may accelerate thermal breakthrough and increase
in injectivity under constant injection pressure conditions — with concomitant increase in power/energy-recovery-rate.

(2) More thermal energy is extracted during the production period, but more seismicity is induced when accommodating SRV
permeability enhancement.

(3) Both the permeability enhancement front and seismicity patterns migrate from injection fractures to production fractures as
production time increases, and these appear to be associated with the reservoir temperature distribution.

(4) Most seismic events are generated before thermal breakthrough when there is a larger temperature contrast between the injection
fractures and the reservoir.
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Future work of this research could include optimizing the number and length fractures for the proposed partially bridging fracture
design to achieve maximum thermal energy extraction while simultaneously delaying thermal breakthrough and reducing induced
seismicity rates. Follow up work could also analyze relative contributions by thermoelastic and poroelastic effects on permeability
enhancement and seismicity rate.
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