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ABSTRACT

In the current concept of an enhanced geothermal system (EGS), a pair of horizontal wells are used to circulate fluid through stimulated
hydraulic fractures; reservoir sustainability and improvement during operation are critical for long-term power generation. Injecting cold
fluid into a geothermal reservoir will cause significant cooling and thermal stress, possibly resulting in secondary thermal fractures
perpendicular to primary hydraulic fractures and forming a well-connected fracture network for heat transfer. First, we derived analytical
solutions of dimensionless fracturelength £, aperture profile Q, and spacing @ (as well as pattern) as functions of time 7 and dimensionless
effective confining stress 7 using a plane strain model and the displacement discontinuity method (Chen & Zhou, 2022,
10.1029/2021JB022964). It was observed that fracture length increases nonlinearly with +/T and then transitions to scaling law £ =
f(T)Vz indicating that late-time fracture length increases linearly with the square root of cooling time. The scaling coefficient f(T)
shows the effects of inter-fracture stress interaction and fracture arrest. The solutions and scaling law provide fast predictions for all
reservoir and cooling conditions using (single) model parameter 7. Application to the Utah FORGE EGS site with 7= 0.11 demonstrates
that thermal fractures reach 0.67, 6.25, and 78.00 m in length, 0.49, 2.30, and 13.00 m in spacing, and 0.43, 2.09, and 12.19 mm in surface
apertureat 1, 100 and 10,000 days. Second, numerical modeling of thermal fractures from two parallel hydraulic fractures was conducted
and the modeling results show that it is effective for thermal fractures from different hydraulic fractures to eventually merge and connect,
thus enhancing fracture connectivity and permeability. For a cooling of 150 °C at the Utah FORGE site, thermal fractures will connect
two neighboring hydraulic fractures with 20 m spacing in ~150 days of EGS operation.

1. INTRODUCTION

In the current concept of an enhanced geothermal system (EGS), a pair of horizontal wells is drilled and stimulated, resulting in parallel
hydraulic fractures that connect the two wells. Cold water is injected through the injection well, while hot water is produced in the
production well for power generation. A cooled zone in the hydraulic fractures will propagate with time from the injection well to the
production well, eventually leading to thermal breakthrough and power generation shutdown. Under natural conditions, the stimulated
hydraulic fractures have different aperture and spacing that vary spatially and water circulation may result in much earlier breakthrough,
affecting reservoir sustainability and shortening the lifespan of power generation.

Cooling of hydraulic fractures by circulating water may produce secondary thermal fractures transverse to hydraulic fractures. The concept
of secondary thermal fractures was proposed in the EGS with single penny-shaped hydraulic fracture in the 1970s (Barr, 1980; Demuth
& Harlow, 1980; Harlow & Pracht, 1972; Murphy, 1978) and extended to interpret field observations of thermal fracturing in water-
flooding fields (Perkins and Gonzalez, 1985). The key features of these thermal fractures include (1) enhancement of heat-transfer area
between fractures and the rock matrix, and (2) enhancement of fracture permeability through the improved connectivity between hydraulic
and thermal fractures. Both types of enhancement can help reservoir sustainability during EGS operations, but have attracted little attention
in EGS operation.

In this study, one of our objectives is to theoretically address different types of thermal fracturing in subsurface ap plications (Chen and
Zhou, 2022). We (1) combine the advanced modeling theories and approaches for thermal shock fracturing (e.g., the stability analysis)
and hydraulic fracturing (e.g., scaling analysis and the displacement discontinuity method, DDM), (2) obtain dimensionless solutions and
late-time generic scaling behavior of fracture length, spacing, and aperture, (3) better understand the underlying mechanisms (i.e., inter-
fracture stress interaction and fracture arrest) by comparing solutions of single fractures, constantly spaced multiple fractures (without
arrest), and dynamically spaced multiple fractures (with arrest), and (4) systematically investigate the propagation and arrest of thermal
fractures in deep formations under injection/flow conditions. For the scenario of thermal fracturing with negligible heat convection shown
in Figure 1, the obtained dimensionless solutions are profiles for fracture spacing, length, and aperture, as a function of one dimensionless
model parameter that cover the entire spectrum of rock properties, in situ confining stress, fluid pressure, and cooling conditions. In
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contrast, numerous simulations using traditional numerical simulators are needed for different combinations of the properties and
conditions.

We focus on the first scenario with one-dimensional heat conduction and negligible heat convection using aplane strain model (see Figure
la in Chen and Zhou, 2022). The paper is organized as follows. First, the governing equations for heat conduction and thermoelastic
deformation and the criteria for fracture propagation and arrest are given and converted to their dimensionless counterparts using scaling
analysis in section 2. Second, the dimensionless solutions and scaling laws of single thermal fracture (Case A), constantly spaced multiple
fractures (Case B), and dynamically spaced multiple fractures (Case C) are presented in section 3. These solutions are compared to show
the effects of inter-fracture stress interaction and fracture arrest. Third, the verification of the dimensionless solutions using a FEM -based
fracture model and the application of the Case C solution to a real-world geothermal reservoir to predict the evolution and pattern of
thermal fractures are given in section 4. Finally, we present the results of numerical modeling of thermal fracturing between two parallel
hydraulic fractures and show the effectiveness of thermal fractures in forming a well-connected hydraulic-thermal fracture network.

2. PROBLEM FORMULATION, GOVERNING EQUATIONS AND NON-DIMENSIONALIZATION

The fracturing driven by thermal stresses, in the absence or presence of pressureincrease, of interest in this study is referred to hereafter
as thermal fracturing, and the thermally driven fractures are referred to as thermal fractures. When initiated, they are densely spaced at
the cooling wall or surface. Some of theinitiated fractures continue to propagate with time, while the others are arrested at different times
and distances from the cooling surface under strong inter-fracture stress interaction. The fracture propagation and arrest lead to fracture
spacing that changes with time and distance (referred to as dynamic spacing) and a hierarchical pattern of propagating and arrested
fractures (referred to as dynamically spaced fractures), which is very different from that of hydraulic fracturing (Chen and Zhou, 2021,
2022).
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Figure 1: S chematic of propagation and arrest of thermal fractures of length [, spacing d, and aperture profile w, initiated at the
surface with a cooling of AT, and fluid pressure of p; in a half-plane, under in situ confining stress of 6 and pore pressure
of py (modified from Chen & Zhou (2022)).

The governing equations including (1) the elasticity equation with thermal stress, effective confining stress, and aperture-induced stress
interaction between thermal fractures, (2) the criterion of fracture propagation, and (3) the criterion of fracture arrest (i.e., stability analysis)
are listed in Figure 2. Also shown in Figure 2 are the scaling analysis and non-dimensionalization of fracture length [, fracture spacing
d, and fracture aperture w(x) and their counterparts £, @, and Q(X). The only dimensionless model parameter is the dimensionless effective
confining stress, 7, which is the ratio of the effective confining stress g,.(= 0, — p,) to the thermal stress at the cooling surface, with in
situ confining stress g, and fluid pressure p,, where p can be in situpore fluid pressure or fracture fluid pressure.
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Figure 2: List of governing equations for elasticity, fracture propagation and arrest and their dimensionless counterparts after
scaling analysis and non-dimensionalization.
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3. DIMENSIONLESS SOLUTIONS AND SCALING LAWS

3.1 Single Thermal Fracture

Figure 3a shows that the dimensionless solutions of fracture length as a function of dimensionless time are profiles affected by
dimensionless effective confining stress, the only dimensionless model parameter. For late-time fracture propagation, these profiles
become straight lines in the double-log plot, indicating that a scaling law

L=fIWr

can be used for fast prediction of dimensionless fracture length in terms of square root of dimensionless time 7. The scaling coefficient
f(T) shownin Figure 3b was derived analytically, with two asymptotic solutions for 70 or 1.
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Figure 3: (Left) dimensionless fracture length £ vs dimensionless time 7, as a function of dimensionless effective confining stress
T'(the only parameter), and (right) the scaling coefficient as a function of 7.

3.2 Dynamically S paced Multiple Thermal Fractures

Figure 4 shows the solutions of dimensionless fracture length, spacing, and surface aperture at the cooling surface, as well as the effect of
dimensionless effective confining stress Ton these solutions.
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Figure 4: Evolution of dimensionless fracture spacing @, length £, and surface aperture Q, under different dimensionless effective
confining stress 7: (a) D(X), (b) D(7), (¢) £L(7), and (d) Q4(7)
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The late-time solutions also asymptotically approach to straight lines in the double-log plots. For dimensionless fracture length, we have
the scaling law: £ = f'(T)V/z, with scaling coefficient f'(7) < f(T), showing the effect of inter-fracture stress interaction and fracture
arrest. These analytical solutions can be directly used for predicting the properties (length, spacing, aperture, and pattern) of thermal
fractures for a real geothermal site, whoserock properties, stress and pressure condition, as well as cooling conditions can be grouped into
one dimensionless parameter 7, as shown in section 4.

4. SOLUTION VALIDATION AND APPLICATIONS

The analytical solution of single fracture and the dimensionless solutions of dynamically spaced multiple fractures presented in section 3
(referred to hereafter as theoretical solutions) are first validated using a FEM -based fracture model. The solution of dynamically spaced
fractures is then applied to several cases with elevated fluid pressure. For the validation and application, the rock properties and in situ
conditions of pressure, temperature, and stresses from the Utah FORGE EGS site are used (see Table 1 in Chen and Zhou, 2022). The
excellent agreement between the theoretical and FEM -based solutions for single thermal fracture is not shown here, but can be referred to
Chen and Zhou (Figure 8, 2022). Figure 5 shows excellent agreement between theoretical solution (central line) and the FEM -based
solution of fracture spacing, as well as two solutions of fracture length and surface aperture for the propagating period of four selected
fractures in the FEM modeling.

The above validation for dynamically spaced fractures can be summarized: (1) the central-line theoretical solution can accurately predict
the evolution of dynamic fracture spacing, (2) the arrest-line solutions can accurately predict the evolution of fracture length and surface
aperture (as well as aperture profile along thermal fractures) for propagating fractures, and (3) the fully transient solution can predict the
time-dependent pattern of propagating and arrested thermal fractures. When fracture pattern is not of interest, the profiles of central-line
spacing and arrest-line length and surface aperture (prepared for different values of dimensionless effective confining stress) can be used
directly for fast prediction.
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Figure 5: (a) Comparison between the uniform fracture spacing by the theoretical solution (stepwise, arrest and central lines) and
the average spacing by the FEM solution, and comparison of (b) fracture length and (c) surface aperture between the theoretical
solutions of propagating fractures and the FEM solutions of four selected fractures

Figure 6 shows excellent agreement between theoretical and FEM -based fracture pattern over 150 days of cooling and fracture
propagation. The fracture patterns at any cooling time can also be seen from the figure. Notethat the theoretical solutions were developed
based on mode-I fracture propagation. However, these patterns are also in excellent agreement with the FEM -based patterns of mixed-
mode fractures (see Figure 12 in Chen and Zhou, 2022).
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Figure 6: Comparison of propagation of thermal fractures for 150 days between (a) the fully transient theoretical solution and (b)
the FEM solution. Each fracture is coloredby cooling time (days) to show the dynamic evolution of fracture length and the arrest
time can be seen at the tip of arrested fractures. The features of four selected individual fractures (#13, #21, #47, and #86) are
shown in Figure 5

In addition to the base case, two additional fluid pressures (27.0 and 32.2 M Pa) are used to investigate thermal fracturing under elevated
pressure induced by water circulation. The effective confining stresses are o,, = 5.2 and 0 M Pa, respectively. The fracture length in both
cases is obtained using our theoretical arrest-line solution with 7= 0.0583,0.0 and compared with the base-case solution (Figure 7).
Fractures propagatein a similar way under the same thermal stress in all the cases. Note that the fluid pressure in thermal fractures only
affect the dimensionless effective confining stress, 7; thermal fracturing is still controlled by thermal stress. When 7<0, hydraulic
fracturing is dominant; thermal stress contributes to fracturing, but does not dominate fracturing
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Figure 7: Evolution of fracture length under different fluid pressure in thermal fractures
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5. NUMERICAL MODELING OF THERMAL FRACTURES BETWEEN TWO PARALLELL HYDRAULIC FRACTURES

Numerical modeling of thermal fracture propagation, arrest, and coalescence between two parallel hydraulic fractures was conducted for
different hydraulic fracture spacing (Chen et al., 2023). The same rock properties and field conditions at the Utah FORGE EGS site were
used. Figure 8 shows the fracture patterns at three different time for each case of hydraulic fracture spacing. Clearly, the coalescence of
thermal fractures can be achieved within a short time for 20 m spaced hydraulic fractures in comparison with several decades of EGS
operation. For an EGS with multi-stage hydraulic stimulation, the spacing of hydraulic fractures is expected to be smaller than 20 m for
those stimulated in the same stimulation stage; for those hydraulic fractures between different stages, their spacing may not be far larger
than 20 m. As a result, thermal fracturing will play a significant role in forming a well-connected network of hydraulic and thermal
fractures. This effect of secondary, transverse thermal fractures that has not been studied before needs to be considered in EGS operation.,
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Figure 8: Pattern of propagating and arrested thermal fractures between two hydraulic fractures, as well as their coalescence.

6. CONCLUSIONS

In the current concept of multi-stage stimulation of an enhanced geothermal system, multiple hydraulic fractures stimulated will connect
the injection and production wells, and cold water will be injected and circulated between the pair of wells. Significant cooling will occur
in the hydraulic fractures and induce strong thermal stress. The thermal stress may induce secondary thermal fractures transverse to these
hydraulic fractures. Eventually the thermal fractures will connect the hydraulic fractures and form a well-connected network of hydraulic
and thermal fractures. The effect of thermal fracturing on EGS operation and reservoir sustainability has not be studied.

First, we developed analytical solutions of length, spacing, aperture, and pattern of evolving thermal fractures. Stability analysis was
introduced for fracture arrest, dimensionless governing equations with one parameter were derived, DDM was used to discretize all
thermal fractures, and two special algorithms were developed for analytical modeling of dynamically spaced fractures. Transient
dimensionless solutions of length, spacing, and aperture (and pattern) of multiple thermal fractures were obtained and validated. Scaling
laws of late-time fracture length (linear with square root of cooling time) were obtained for single and multiple thermal fractures. The
solutions and scaling laws provide time profiles as a function of thermal stress ratio (dimensionless effective confining stress) that covers
all reservoir and cooling conditions. These solutions and scaling laws can be easily applied to any geothermal site by using one single
model parameter.

Second, coalescence of thermal fractures propagating from two neighboring parallel hydraulic fractures was simulated numerically.
Results show how a well-connected network of hydraulic and thermal fractures is developed to enhance fracture-matrix heat transfer. The
time scale for such a network to develop is relatively short in comparison with EGS operation lifespan. For a 20 m spacing of hydraulic
fractures, the time scale for the Utah FORGE EGS site is on the order of 150 days, indicating that thermal fracturing is effective. The
effect of thermal fracturing on the evolution of fracture network and reservoir sustainability is needed to considered in EGS operation.
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