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ABSTRACT

Using numerical simulations, it is suggested that it is possible to direct stimulation treatments in EGS wells away from previously
stimulated wells in critically-stressed reverse faulting stress regimes. This is done by producing fluid out of the previously stimulated
zones associated with other wells in a preconditioning phase. Then, the poroelastic stress changes, and not the pore pressure decreases,
associated with this production phase repel the stimulation treatment of the new well. This occurs because production induces
horizontal total stress decreases in areas at the same depth as the producing zone. In a reverse faulting stress regime, the maximum
principal stress is horizontal and these horizontal stress reductions act to inhibit shear failure and therefore stimulation. This work
implies that reservoir engineers may have some control in designing their stimulation treatments in large geothermal fields and may
be of use in avoiding potential seismic faults and creating flow paths which are long enough to sufficiently heat a cycling fluid.

1. INTRODUCTION

Generally, Enhanced Geothermal Systems (EGS’s) require the creation of high permeability pathways to establish inter-well
connectivity and fluid circulation. The creation of these permeable pathways is critical for the successful commercial development
of EGS in a power generation context (Robinson et al., 1971; Ziagos et al., 2013). Therefore, technologies or methodologies which
are able to help guide the direction in which reservoir stimulation occurs would represent a significant step forward for the EGS
industry. While the ability to draw a stimulation treatment towards another well would have obvious advantages in terms of creating
inter-well connectivity, the ability to repel a stimulation treatment may also be useful. Specifically, the ability to repel a stimulation
treatment may allow engineers to more easily avoid stimulating near a large fault or it may help in the creation of long fluid pathways,
reducing the chance short-circuiting.

The criticality of the stress field is a crucial parameter for a stimulation procedure. Reservoirs with a higher stress criticality are more
readily stimulated than those with a low stress criticality. For this reason, an attempt will be made here to guide a stimulation treatment
by altering the stress criticality of the reservoir near the well. Previously, production (e.g., Segall, 1989), injection (e.g., Chen et al.,
2017), and hydraulic fracturing (e.g., Deng et al., 2016) induced seismicity has made it clear that reservoir engineering operations are
capable of altering the stress field even without local pore pressure changes. Production will therefore be used here to alter the stress
field before stimulation. Of course, EGS reservoirs are usually quite impermeable initially. For this reason, production will take place
from an adjacent well located in a previously stimulated section of reservoir.

The possibility of directing reservoir stimulation treatments has been investigated previously. In the oil and gas industry, this was
initially focused on altering the stress field in order to influence the orientation of an eventual hydraulic fracture (Shuck, 1977;
Warpinski and Branagan, 1989). Other investigations included such topics as the possibility of altering the stress state such that a
hydraulic fracture would be more likely to connect two wells have also been investigated (Boutéca et al., 1983). These investigations
have not been limited to the oil and gas industry, however, with Baria et al. (2004) showing the positive influence contemporaneous
stimulation could have on two wells’ inter-connectivity in the context of an EGS project in crystalline rock. This study was primarily
focused on the influence of the elevated pore pressure resulting from joint stimulation, however.

EGS reservoirs are typically thought to be stimulated in shear, especially when the injection pressure is below the minimum principal
stress (e.g., Zang et al., 2014), although there are reports of mixed-mode in certain cases (e.g., McClure and Horne 2014). Shear
failure is controlled by Coulomb faulting theory in the case of pre-existing planes of weakness, with such planes being typical in EGS
reservoirs. Coulomb faulting theory implies that increases in pore pressure will bring a potential shear plane closer to failure, with
both the maximum and minimum principal stresses decreasing by an equivalent amount. Generally, this is thought to be the primary
mechanism inducing shear failure in EGS reservoirs (e.g., Pearson 1981). This shear failure can be induced at pore pressures below
the minimum principal stress fundamentally separating it from hydraulic fracturing. Changes to total stress can also lead to shear
failure, however. The isotropic reduction of both the maximum and minimum principal stresses can lead to shear failure in much the
same way as pore pressure increases; however, in certain instances the total stresses may change anisotropically. This has been seen,
for example, in production-induced seismicity (e.g., Segall 1989). It could be argued that changes to total stress, through poroelasticity
for example, are in some ways more effective at inducing shear failure than pore pressure increases because it is not only possible to
lower the effective stresses, it is also possible to increase the differential stress through anisotropy. In most cases, however, the
changes to total stress are much smaller than those to pore pressure, leading to many cases of pore pressure change being the dominant
mechanism leading to shear failure. That said, total stress changes can be large enough to have a significant effect in certain cases.
Here, the influence of total stress changes due to poroelasticity will be the subject of investigation.
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The focus here will concern three horizontal wells drilled into crystalline rocks, in this case a granite in a critically-stressed reverse
faulting stress regime. The wells will be drilled horizontally, as it is becoming increasingly common to see directional EGS wells
(e.g., Kwiatek et al., 2019). The wells will be drilled to the same depth in the direction of the minimum principal stress. Initially, the
one of the wells will be stimulated following a procedure similar to those seen in the industry. This stimulation treatment will connect
to a second well, creating a doublet system. These two wells will then be produced. This marks the preconditioning phase of the
methodology. A third well, outside of the previously stimulated zone will then be stimulated. The analysis will concern the effect of
the preconditioning phase on the stimulation treatment of the third well, with the goal of repelling the stimulation treatment of the
third well away from the first two wells. Specifically, an attempt will be made to direct the stimulation treatment using primarily the
poroelastic stress changes that occur during production, not the pore pressure decrease.

2. PROBLEM SETUP

The 2-D model domain (Figure 1) will be limited to a section of the crystalline reservoir, extending over a lateral domain of 10 km
and a vertical domain of 4000 m. The depth of the wells will be set at 4500 m, a reasonable depth for EGS wells. The overburden
which is not contained in the model (up to 2500 m) will be replaced by a constant stress based on a reasonable lithostatic gradient. A
reverse faulting stress regime will be assumed and the wells will be horizontal, drilled parallel to the minimum horizontal stress, Shmin
which is normal to the plane of the model. The initial vertical stress and pore pressure in the model will be calculated using lithostatic
and hydrostatic gradients, respectively. The maximum horizontal stress, SHmax, is then found by assuming that the crust is critically-
stressed (e.g., Brudy et al., 1997). This is done by assuming that the reservoir is in frictional equilibrium, using a coefficient of friction
of 0.6.

[ ] Crystalline Basement

S0 Overburden

{not modelled)

~4500 m
depth

A Horizontal Well

Figure 1: The problem setup. Note that the figure is not to scale. The horizontal wells are separated by 1079m horizontally
and are located at the same depth.

The intact Young’s modulus will be taken as 36 MPa (Villeneuve et al., 2018); however, the rock is assumed to be fractured, which
can be assumed to lower Young’s modulus for the bulk (e.g., Pimienta et al., 2019). A bulk Young’s modulus of 50 % of the intact
Young’s modulus was used following findings of Villeneuve et al., 2018. As fractures are not explicitly modelled in this approach, it
is this bulk Young’s modulus which is ultimately input into the model. For the Biot coefficient, a value of 0.76 is used. This value is
high for a granite, but is reasonable for highly fractured rock and has been previously been seen in the field (Evans et al., 2003).
Poisson’s ratio is taken as 0.15, a low value for granite which results from its fractured nature in this case (Walsh, 1965). Finally,
porosity will be taken as 0.02, with the in-situ fractures acting as the only fluid conduits.

The three horizontal wells present in the model are all located at the same depth and are separated by 1079 m. The left-most well is
stimulated first with an injection rate of 0.0254 kg/sec m over the course of 4 days, resulting in a total injection of 4.4e6 kg over this
length of well (500 m), representing a small stimulation treatment. The stimulated zone resulting from this stimulation treatment
reaches the center well. After this initial stimulation period, both the left-most and the center well are produced at a rate of 0.002
kg/sec m, resulting in 6.9¢6 kg production from each well. This is the preconditioning stage of the operation. The production rate
used in this stage is significantly lower than what are considered to be commercial production rates for EGS (Ziagos et al., 2013).
This preconditioning stage lasts for 80 days in this example. Finally, the right-most well is stimulated with an injection rate of 0.006
kg/sec m for a period of three days. During this final stimulation, no production or injection occurs in the right-most or center wells.

To simplify the analysis, an isothermal simulation will be performed. While this is not a realistic scenario for stimulation in EGS
reservoirs, it allows for the effects of the production-induced poroelastic stress preconditioning to be isolated and properly analyzed.
The likely effects of the thermal strains are discussed in Section 5.
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3. METHODOLOGY

Pressure and stress changes are modeled using a sequentially-coupled poroelastic simulator. The simulator employs the continuity
equation for mass balance, the momentum balance equation, and the poroelastic version of Hooke’s Law to compute these pressure
and stress changes. The continuity equation for mass balance is used to model fluid flow, and the pore pressures resulting from this
part of the model are used as inputs to solve for displacements and, ultimately, stresses in the mechanical model which is based on
the momentum balance equation and Hooke’s Law. The entire model is 2-D plane strain. Despite the 2-D setup, this type of model is
appropriate to model 3-D stress changes resulting from reservoir engineering activities associated with a horizontal well (Cheng,
1998). Although this investigation involves reservoir stimulation, which by nature involves fractures and fissures, a dual-porosity
model is not employed due to the assumed impermeability of the matrix. Instead, a bulk approach is used which takes averaged
porosity and permeabilities appropriate for the size of the grid blocks present in the model.

3.1 Flow Model
The continuity equation for mass balance can be combined with Darcy’s Law and written as,

S(pp) k _
%—V-(;p(VP —V(pgz))) . M)

for a single phase. Here, ¢ is the porosity, p is the fluid density, k is the permeability, p is the fluid’s dynamic viscosity, P is the pore
pressure, g the acceleration due to gravity, z the depth, and q the influx of mass. This equation is discretized in a finite volume in
space, fully implicit finite difference in time framework (Aziz and Settari, 2002) and solved for one primary variable, pore pressure.
All boundaries are no-flow boundaries except the top boundary which is a constant pressure boundary.

3.2 Mechanical Model
The mechanical model is developed beginning with the conservation of momentum,

V-o'+ V(aP) = —f, 2

where ¢’ represents the effective stress, a is the Biot coefficient, and f is the body forces. This equation is discretized in a finite
element framework in combination with the linear theory of poroelasticity (Biot, 1941; Rice and Cleary, 1976; Wang, 2000),
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allowing for the model to solve for the stresses and strains associated with fluid production and injection. Here, S represents the total
stress, i is the Kronecker delta, E is Young’s Modulus, v is Poisson’s ratio, and ¢j is the strain. Note that the use of pore pressure in
the mechanical model represents the coupling from the flow model to the mechanical model. The coupling in the other direction is
accomplished via permeability’s dependence on stress, described in the following section. In the mechanical model all displacements
perpendicular to the boundary are restricted except at the surface which is free.

3.3 Permeability

As mentioned, the permeability used in the model is based on a bulk approach. Typically, the type of rock targeted for EGS has a
rather impermeable matrix and this is assumed to be the case for this model. Instead, the permeabilities of the grid blocks in the model
will be assumed to be due to the potential for flow through faults and fractures present in the rock. These faults and fractures have a
tendency to experience changes in aperture or even shear based on their orientation, their coefficients of friction, and the state of the
stress. Based on this, the permeability in this model will change based on normal stress and increase in a stepwise fashion once a
failure condition is reached (Miller, 2015). More specifically, based on Miller 2015’s model, permeability will vary with normal
stress as,

k = ke, “

where the initial permeability is defined as ko, & is the effective normal stress on the potential shear plane, and 6* is a normalizing
constant assumed to be equal to 100 MPa. At shear failure, which is defined based on Coulomb faulting theory, a stepwise change in
permeability is assumed to occur, again following Miller 2015. In this case, ko in Equation 4 is replaced by k’o, where k’o is defined
as

k) = xk. )

Here, x is a factor which represents the increase in permeability associated with shear stimulation. This stepwise increase in
permeability means that permeability increases associated with shear stimulation are assumed to remain after the stimulation treatment
has been completed. A reasonable value for x can be chosen based on past shear stimulation treatments. For instance, at the Fjéllbacka
Hot Dry Rocks Projects, Sweden, permeability was seen to increase by three orders of magnitude following stimulation (Jupe et al.,
1992). At Soultz, however, transmissivity only increased by a factor of fifteen (Evans et al., 2005a). Here, an increase of a factor of
200 will be taken, similar to the result of the shear stimulation treatment at Basel (Ladner and Héring, 2009).

Although the rocks generally associated with EGS require some form of stimulation before they are able to produce/inject fluid at
economically-viable rates, these rocks are generally not impermeable in their initial state. Indeed, the permeability of the upper crust
has been shown to be high (10717 m? to 1071® m?) due to shear failure on critically-stressed faults and fractures (Zoback and
Townend, 2001). This notion is supported by pre-stimulation tests at both the Soultz HDR site and the Basel 1 enhanced geothermal
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system which yielded effective permeabilities of 3 - 10716 m2 and 10717 m?2, respectively (Evans et al., 2005b; Héring et al., 2008;
Ladner and Hiring, 2009). For this reason, a value of 10717 m? is taken for ko. Equations 4 and 5 represent the coupling from the
mechanical model to the flow model.

3.4 Coulomb Stress
As mentioned, shear failure is assumed to occur based on Coulomb faulting theory. More specifically, Coulomb stress, defined as

T =15 — up(S, — P), (6)

is used to determine whether or not shear failure has occurred. Here, ts is the shear stress, pr is the coefficient of friction, and Sy is
the total normal stress on the assumed shear plane. Based on the findings of Evans et al., 2012, the reservoir will be assumed to be
critically stressed here, and a Coulomb stress increase of 0.1 MPa will be considered sufficient to result in shear failure.

4. RESULTS

This section will evaluate three different stages of the proposed stimulation procedure which is designed to stimulate three equally-
spaced wells with the goal of hydraulically connecting the first two wells and leaving the third well hydraulically isolated from the
other two. First, the left-most of the three wells is stimulated. No special procedure is used here. As can be seen in Figure 2a, the
injection of fluid associated with this injection causes large Coulomb stress increases near the well; this is due to an elevated pore
pressure in this region. Further away from the well at the same depth the Coulomb stress still increases but not by as large an amount.
This is due to the poroelastic stress changes associated with the injection. In this region, the horizontal total stresses increase. As this
is a reverse faulting stress regime, an increase in horizontal total stress results in an increase in Coulomb stress. Above the well,
Coulomb stress is decreased. This is due to the reduction in horizontal total stress and the increase in total vertical stress associated
with the poroelastic stress changes due to injection.

The changes in Coulomb stress map to the increases in permeability seen in Figure 2b. Areas which have experienced large Coulomb
stress increases are likely to experience shear stimulation. This leads to the stimulated zone primarily extending horizontally, with
little vertical stimulation. In this case, the shear stimulation procedure was chosen such that the stimulated zone extends to the middle
well and then stops. In reality it would be difficult to stimulate the reservoir this exactly. A more practical solution might be to
stimulate the first well and then drill the second well into the stimulated zone as delineated by a microseismic cloud. The stimulated
zone extends 1079m from the left-most well in both directions.
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Figure 2: The (a) Coulomb stress changes and (b) region of permeability enhancement associated with the stimulation of the
left-most well during phase 1. The stimulated region extends 1079m in either direction from the left-most well.

The second phase consists of producing both the left-most and middle wells. The reduced pore pressure results in a reduction in
Coulomb stress near the wells, Figure 3a. Important to note is the reduction in Coulomb stress that this creates between the middle
and right-most wells.

This production also results in an increase in Coulomb stress above and below the left-most and middle wells, however. This increase
in Coulomb stress in these regions matches well with the Coulomb stress changes that lead to production-induced seismicity in reverse
faulting stress regimes (Segall 1989). These Coulomb stress increases lead to shear failure and reservoir stimulation in these locations,
Figure 3b.
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Figure 3: The (a) Coulomb stress changes and (b) region of permeability enhancement associated with the production from
the left-most and middle wells during phase 2. The stress preconditioning associated with the production results in a
zone of reduced Coulomb stress between the middle and right-most wells. Further, this production results in shear
stimulation occurring above and below the two producing wells.

The third and final phase consists of the stimulation of the right-most well. As in the first phase, the injection associated with the
stimulation treatment results in an increased pore pressure region near the well. This results in a region of Coulomb stress increase
near the well, Figure 4a. To the right of the right-most well is another region of increased Coulomb stress, similar to that seen in
Figure 2a. This region is again due to poreoelastic stress changes and is smaller in magnitude than the high pore pressure region near
the wellbore. Above and below the wellbore show regions of reduced Coulomb stress due to poroelastic stress changes, again as in
Figure 2a. The region between the middle and right-most wells also shows elevated Coulomb stress changes but these stress changes
are smaller in magnitude than those to the right of the right-most well. This is a result of the stress preconditioning associated with
the fluid production in phase 2.

The stimulation treatment in this third phase results in permeability enhancement around the right-most well, Figure 4b. The region
between the middle and right-most wells remains largely unstimulated due to the Coulomb stress changes associated with the
preconditioning phase described earlier. The permeability enhancement is able to extend to the right of the right-most well, however.
Note that the stimulation treatment being directed is due to the poroelastic stress changes and not the reduced pore pressure near the
middle well. For example, at a location 216m to the right of the middle well, the Coulomb stress change is -0.31 MPa but the decrease
in pore pressure is only -0.06 MPa. This is due to the fact that it is difficult to reduce the pore pressure in the unstimulated regions,
but the pore pressure decrease in the stimulated region is able to cause a poroelastic stress change in the unstimulated region.
Ultimately, the stimulation treatment of the right-most well extends 1007m to the right and 576m to the left. This results in a gap
between the stimulated zone of the right-most well and the middle well of 503m, leaving the two wells hydraulically isolated.
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Figure 4: The (a) Coulomb stress changes and (b) region of permeability enhancement associated with the stimulation of the
right-most well during phase 3. The stimulated region extends 5S76m to the left and 1007m to the right from the right-
most well. There is an unstimulated gap of 503m between the middle well and the stimulated region of the right-most
well.
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5. DISCUSSION
5.1 Assumptions

In this analysis, it was assumed that the reservoir was critically stressed. Although this has generally been seen to be the case in EGS
reservoirs in crystalline rock (Evans et al., 2012), it is possible that some reservoirs will either not be critically stressed or less critically
stressed than the example case evaluated here. Indeed, in this case it was assumed that a Coulomb stress change of 0.1 MPa would
be enough to incite shear failure. This value of Coulomb stress change is generally thought to be sufficient in the case that the crust
is critically stressed (Stein, 1999). In the case that the crust is less critically stressed, however, the stimulated zones would have a
different shape. More specifically, the zone of stimulation would correspond more closely to the zone of high pore pressure. This
implies that the wings that developed on the outskirts of each stimulated zone would be restricted with the stimulated zone developing
in a more circular pattern. Further, it would become more difficult to guide the stimulation treatment through stress preconditioning.
This is because it is difficult to induce very large poroelastic stress changes to precondition the stress field of the reservoir, and, if the
reservoir is less critically stressed, these poroelastic stress changes will have relatively less significance compared to the Coulomb
stress change required to induce shear failure.

Stress redistribution due to shear failure is not considered in this model. It has been previously shown, however, that stress
redistribution during stimulation can significantly influence the stress field, potentially having an impact on future slip events (e.g.,
Catalli et al., 2013). Certainly, stimulation treatments in granite have been seen to alter the stress field through aseismic slip occurring
in the stimulated zone (e.g., Cornet and Julie, 1989; Schoenball et al., 2014). Although these stress changes have been shown to be
on the order of tens of MPa, they are generally confined to the region experiencing shear failure (Schoenball et al., 2014). It is
therefore less obvious how large of an influence this stress redistribution may have outside of the previously stimulated zone. It is
fairly difficult to account for this type of stress redistribution using current models. It may be the case that this effect is seen to play
a significant role if this methodology is tested at the field scale.

For this analysis, an isothermal approach was taken. It is true that large temperature differences may exist between the stimulating
fluid and the reservoir and other authors have suggested that thermal strains should be considered (e.g., Ghassemi and Tao, 2016).
However, given the relatively small volumes of fluid injected during a stimulation treatment, thermal strains are only likely to have
a moderate effect on the stress field. For example, considering that over the course of the stimulation 8778 kg/m of fluid was injected,
a first order approximation of the thermal strain induced over a 300m radius from the wellbore can be calculated assuming that the
injected fluid is 80 °C cooler than the reservoir. This radius results in a volume of investigation of 282743 m? per meter of wellbore.
Then, by solving for T, the temperature at equilibrium, in the following enthalpy balance equation,

V(1 = @)pscpDsTres + Cprianinj + Cpf((P,DfV - Minj)Tres =TgV(1 - @)pscps + TBV(PCpfpf @)

it can be seen that the temperature in this section reservoir, were it to be uniform, only decreases by 0.004 °C during stimulation.
Next, this temperature decrease can be found to lead to a stress change of -0.0011 MPa based on,
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which employs an assumption of no horizontal strains (Cheng 2016), a simplification for a first order analysis. Note that all parameters
used to make this calculation are shown in Table 1 along with their definitions. The Bulk modulus is found using the Poisson’s ratio
and Young’s modulus used previously. The thermoelastic effective stress coefficient is the product of Bulk modulus and the
volumetric expansion coefficient, which is based on Fjaer et al., 2008.

Table 1: Parameters used for the thermal stress calculation

Name Variable  Value
Volume of investigation V 282743 ’;—:;
Mass injected Minj 3778 %
In-situ temperature Tres 453 K
Fluid temperature Tinj 373 K
Porosity ) 0.02

Heat capacity rock CPs 950 ﬁ
Heat capacity fluid cpy 4183 _r'f 7
Density rock Ps 2700 :':{
Density fluid P 1000 %
Poisson’s ratio v 0.15
Volumetric expansion coefficient Ba 4e—" AL
Drained bulk modulus K 8.6 GPa
Thermoelastic effective stress coefficient «g4 0.344 MI‘?“

Based on these calculations it is clear that thermal strains have a limited influence in this case. It is possible that the cooling would
have significant local effects near the wellbore; however, this region is not the primary concern of this investigation.
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5.2 Implications for EGS

The shear failure induced by the fluid production during phase 2 implies that the regular operation of a geothermal doublet system
could lead to induced shear failure above the producing well. Although it is unclear in this analysis if this shear failure could be
significant from an induced seismicity perspective, the production-induced seismicity seen in the oil and gas industry (Segall 1989)
implies that, given the correct circumstances, it may be possible to induce small- to moderately-sized earthquakes in this way. It
should be noted, however, that a geothermal doublet well typically operates with balanced fluid injection/production. Generally,
operations which balance fluid volumes have a smaller chance of inducing significant levels of seismicity.

The ability to direct a shear stimulation treatment would afford reservoir engineers more possibilities in developing a geothermal
reservoir. It may help in ensuring that fluids spend a sufficient amount of time in the reservoir while circulating, mitigating short
circuiting. Further, it may be used to avoid stimulating a potentially seismic fault that is located reasonably close to a well. Of course,
the ability to attract a stimulation treatment towards a well would also be useful and would help ensure inter-well connectivity.
Although, in the example shown, the proposed methodology would not be able to attract a stimulation treatment towards another
well, this may be possible in a normal faulting stress regime. In a normal faulting stress regime, the minimum principal stress is
horizontal. As this methodology reduces the horizontal stresses between the two wells, it may be able to precondition the stress field
such that stimulation treatments are attracted toward previously stimulated zones in normal faulting stress regimes. Strike-slip faulting
stress regimes are less obvious to evaluate because both the minimum and maximum principal stresses are horizontal; however, the
in plane and out of plane horizontal stresses do not change by equal amounts during production. Therefore, in a strike-slip faulting
stress regime, it may be possible to design stimulation treatments that are either repelled or attracted to previously depleted zones
depending on the well bores’ orientations with respect to the prevailing stress field.

It has been suggested here that shear stimulation treatments can be repelled in critically-stressed reservoirs. In order to confirm these
results, experimental work would have to be carried out in a rock laboratory. If those experiments were to prove to be successful,
other methodologies could be developed, not only for other stress regimes, but also for less critically-stressed reservoirs.

6. CONCLUSION

It has been suggested that is possible to repel shear stimulation treatments in critically-stressed fractured granitic reservoirs using a
stress preconditioning production phase in a previously stimulated section of the reservoir. This methodology has been shown for
reverse faulting stress regimes. The poroelastic stress changes associated with production and not the pore pressure reductions are
responsible for directing the shear stimulation treatment of a well in virgin rock away from the previously stimulated section of
reservoir. These results have reservoir engineering implications for EGS reservoirs and may help to mitigate flow short circuiting and
certain cases of potential induced seismicity. Variations of this methodology may be developed for other stress regimes and may also
be able to attract, as opposed to strictly repel, stimulation treatments towards other wells.
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