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ABSTRACT

After years of exploiting steam, geothermal wells may need stimulation to remain economically profitable. In some cases, hydraulic
fracturing can be a suitable technique to improve steam production or to create new geothermal pay zones. Performing such a
treatment in a geothermal volcanic environment presents several challenges. We investigated technical and geological issues that
might affect the effectiveness and efficiency of stimulation, focusing on the feasibility of hydraulic fracturing in the Wayang Windu
geothermal field (West Java, Indonesia). A major issue is given by the way in which the wells of this field are completed: a long
perforated liner in an open hole section. When isolation of a short section of the perforated liner is not technically possible, or is
economically too expensive, hydraulic fracturing might not be the proper stimulation technique. Moreover, executing a hydraulic
fracture treatment on the long perforated intervals (500-1500 m) typical of the wells of the Wayang Windu field might jeopardize
the integrity of the well.

1. INTRODUCTION

Reducing CO: emissions is greatly helped by geothermal energy. Even though geothermal power plants have lower efficiency in
generating electricity than other large scale energy technologies, such as coal, gas, oil and nuclear, their virtually zero emission
rates in combination with the possibility of providing stable energy supply make geothermal energy attractive. In addition, while
other green energy sources as solar or wind suffer from fluctuating supply, geothermal energy can be used as a base load.

A very high geothermal potential is found in Indonesia, located along the so called “ring of fire”. This allowed the Indonesian
Geothermal Energy company Star Energy to become one of the world leaders in development and exploitation of this renewable
energy. The scale of operations also allows the development of optimal production strategies. Among others, they require the
investigation of stimulation options in case a well is underproducing or production is declining. Such options entail conventional
stimulation techniques as thermal and acid stimulation, but also hydraulic fracturing.

Hydraulic fracture treatments in conventional oil and gas fields target pay zones: rock layers in which fossil fuels are present in
exploitable quantities. These target zones are usually isolated with packers to rightly pinpoint the fracture growth. In a geothermal
system, the goal is to stimulate the zone around a well that is underperforming by connecting pre-existing fractures or by creating
new pathways for the steam through the initiation and propagation of new fractures. Historically, the first hydraulic fracturing
stimulation, with an injection of approximately 21000 m? of water at 3.5 km of depth, was performed in the Fenton Hill field (New
Mexico) in 1970 (Rachmat, 2015). In the past decades this treatment was applied in various fields (East Mesa, Baca, Raft River,
Salak, Soultz-Sous-Foretz, Landau and Wayang Windu) with different degrees of effectiveness.

Target zones in geothermal wells can often not be isolated due to the completion design. Many wells are completed with a
perforated liner in a long open-hole section. Such completion poses a number of challenges for hydraulic stimulation. Firstly, it
requires large volumes of fracture fluids and proppant, affecting the economic feasibility of the stimulation. The required volumes
are even further increased when the field exhibits a natural fracture network, because a high percentage of the injected fluids will
penetrate the formation instead of creating induced fracture volume. Further, because of the stress profile, an induced fracture is
expected to develop preferentially around the top of the perforated liner: the fracture location can thus not be optimized. And
finally, there is a risk of jeopardizing the wellbore integrity because of the absence of a cemented annulus.

We have investigated the feasibility of applying a hydraulic fracture stimulation to the Wayang Windu field (West Java, Indonesia).
We particularly address the challenge of the long sections of the wells connected to the reservoir in combination with the high
leakoff values expected, and the wellbore integrity issues resulting from the large stress anisotropy and open-hole completions.

2. BACKGROUND

21 Characteristics of the Wayang Windu field

A comprehensive overview of the geology, fracture system and operational development of the Wayang Windu field can be found
in the works of Bogie et al (2008), Fauzi et al (2015) and Masri et al (2015); further data were made available by Star Energy in
their geology reports. We here summarize the key features and the data relevant for the present study.

Wayang Windu is located approximately 30 km south of the city of Bandung in West Java (Indonesia) and is considered one of the
most efficient geothermal fields of the world. It is the largest one in Indonesia, with 25 wells (22 production and 3 injection wells).
The field produces steam at temperatures up to 300°C.
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Figure 1. Simplified temperature and fluid saturation profiles along depth of the Wayang Windu geothermal field. Sat =
fluid saturation.

The reservoir fluids are accumulated in the pores and fractures of volcanic rocks; flow is facilitated by a very dense fracture
network. The field is generally interpreted to be a transitional geothermal system between vapor-dominated and liquid-dominated
conditions. The pore pressure profile can consequently be divided into three subdomains (Figure 1): a liquid-dominated hydrostatic
zone above the reservoir, a two-phase vapor-dominated steam zone in the reservoir and a liquid saturated brine zone below the
reservoir. A transition zone with a thickness that varies from 50 to 200 meters is present between the overburden and the reservoir.
The top of the reservoir is placed where the temperature profile becomes approximately constant. The contact surface between
water and steam is assumed to lie at, or near, the top of reservoir.

The Wayang Windu field is a densely fractured system. The feasibility and optimization of hydraulic fracturing of such a system
critically depends on data of the mechanical stress and the fracture network. Near-well stress orientations were taken from the
calculations using borehole breakouts by Masri et al (2015). The local stress field is often not consistent with the regional tectonics
because of the geological conditions of volcanic environments: a least principal stress at 310° in a transitional state from normal to
strike-slip regime. Masri et al (2015) further employed 1D and 3D geomechanical analyses to calculate the gradients of the in-situ
stresses. We used the average values and considered them constant through all rock’s formations and lithology (Table 1).

Masri et al (2015) determined fracture densities (Djiac, the measured number of fractures per meter) based on measurements in 16
wells. The numbers vary from 0.6 m', in breccia with porosity 6-8 %, to almost 2.5 m™, in lava with porosity 0-4 % (Masri et al,
2015). For the average porosity in the steam zone of the geothermal reservoir (15 %), the Breccia has an average fracture density of
0.8 m'!, the Tuff-Breccia has 1.3 m™!, the Lapilli-Tuff 1.4 m™! and the Tuff 0.9 m!. The average density of the different facies is 1.1
m’!, while the average value for the Wayang Windu field is approximately 1.5 m!. In spite of the large amount of more than 9000
detected fractures, the fluid flow depends on just a limited amount of clusters with a densely interconnected system. Those
structures have a semi-regular spacing of 70 meters, with a different predominant flow direction for each lithology. Those structures
must be connected to the well to achieve a successful stimulation.

The major faults in West Java form a conjugate pair of strike-slip system (NNW and NE) consistent with the regional compression

state due to near perpendicular (> 80°) subduction. The mechanical properties collected during field and laboratory measurements
are listed in Tables 2 and 3 (Bogie et al, 2008). Elastic moduli are averaged for the overburden and the reservoir.

Table 1. In situ stress gradients.

Gradient oy 24 kPa/m
Gradient o}, max 26 kPa/m
Gradient o}, min 13 kPa/m

Table 2. Mechanical properties of the different facies that are found in the Wayang Windu field. Co = uniaxial compressive
strength. S = failure angle. To = tensile strength. E = Young’s modulus. v = poisson ratio.

Density Co B To E 4
Rock’s facies

[g/em?] [MPa] [’ [MPa] [GPa] [
Tuff breccia 2.55 10,77 47 0,11 7.5 0.23
Lava 2.72 13,79 44.7 0,1 10 0.18
Tuff 2.35 3,77 52.3 0,13 8 0.15
Lapilli tuff 2.4 10,14 453 0,1 8 0.23



Table 3. Rock mechanical properties.
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Figure 2. TOTZ = top of transition zone. TOR = top of reservoir. Left: temperature and pressure profiles along depth
(TVD). The magnitude of pressures in points A, C and D was directly measured. The pore pressure profile between
points A and C is an interpretation. Right: pressure and in situ stresses profiles along depth (TVD).
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Figure 3. Water phase diagram around the pressure and temperature values of the transition zone and dry steam reservoir.
A = top of the transition zone, B = center of the transition zone, C = top of the reservoir (base of the transition zone),

D = total depth of the case study well.
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Figure 4. Typical profile of a geothermal well in the Wayang Windu field. The profile is divided into 4 sections (Table 4). 1:
vertical cemented section. 2 and 3: deviated cemented section. 4: not-cemented deviated section, completed with a
perforated liner that is not in contact with the wellbore walls. In this reference case the void annulus between casing
and rock formation has an average thickness of 2,5 cm.

Table 4. Casing summary of the well.

' Hole Diameter Depth g?asgegter shoe
Section Cement
[cm] mMD [m] TVD [m] [cm]
1 76 48 343 66 Yes
2 66 403 402.5 51 Yes
3 45 890 817.8 34 Yes
4 32 1600 1279.7 27 No

Our simulations used the temperature profile represented in Figure 2. The profile was based on measurements during a completion
test — except above the top of the reservoir, where an interpretation based on Star Energy’s conceptual model was used. For that
section, temperature measurements could not be used because a heating-up process occurred while running the completion tests.
Figure 2 also represents the pore pressure profile. In the transition zone between fluid and dry steam phase (between points A and
C) an underpressure gradient is present. This is generated by an impermeable clay cap acting as hydraulic barrier, which is typical
for geothermal reservoirs in volcanic enviroments (Cumming, 2009). The combination of pressures and temperatures on the depths
indicated in Figure 2 are also shown in the water phase diagram (Figure 3). In the transition zone (points A and B) the water is in
the liquid phase. At the top of the reservoir (point C) the water basically reaches the steam phase. The pressures of the overburden
and of the steam zone were measured directly, while the pressure profile within the transition zone is an interpretation of the pore
pressure behavior.

Simulations of hydraulic fracturing finally require input for reservoir porosity and permeability, reservoir fluid viscosity, and spurt
loss. The permeability of the rock mass is low, 0.001 mD, and the porosity is 15%. Viscosities were assigned on the basis of
standard thermodynamic correlations for the average temperature, pressure, and phase in the different zones. An overview of the
fluid loss data is given in Table 5. The mean formation temperature that was considered was 250°C and the injected fluid inlet
temperature was 30°C.

Table 5. Fluid loss data. The spurt loss is the fluid volume loss of fluid per unit area of fracture face that happens
immediately after the beginning of the hydraulic fracture stimulation and it is calculated by the numerical simulator
(Meyer, 2016). * = permeability of the unfractured rock matrix.

VD Porosity Viscosity Permeability* Spurt
Zone at bottom Loss

[m] [%] [mPa"S] [mD] [cm]
Hydrostatic 690 15 0.28 0.001 0
Transition 910 15 0.15 0.001 0.306
Steam 1600 15 0.013 0.001 0.611
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The length of the non-cemented section in the Wayang Windu wells varies between 400 and 1500 meter. The base section is
typically completed with a perforated liner, production is accomplished without tubing. Our study focuses on the stimulation of a
typical dry-steam well of the Wayang Windu geothermal field (Figure 4, Table 4). This type of steam contains less than 1% of
moisture.

2.2 Hydraulic stimulation of geothermal fields

Several stimulation techniques can be applied when the production of a geothermal well is uneconomic. In the Wayang Windu
field, the fluids mainly flow through the faults and fractures. In such a situation, hydraulic stimulation can either activate and
stimulate the already existing network of fractures by fault reactivation, or it can create new pathways by tensile fracturing. The
feasibility of different types of hydraulic fracture stimulation depends on the stress situation (Figure 5). A correct estimation of the
in situ stress state of the subsurface and the fracture system is therefore essential to assess which stimulation technique has the
highest success potential. Such a geomechanical study should ideally be performed before drilling a well, to locate “sweet” spots
(sections of the reservoir where profitable steam flow can be achieved with little or no stimulation) and to optimize the well
trajectory.

>
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Figure 5. 3D Mohr — Coulomb representation of the state of stress of a fracture. In the Wayang Windu field, o2 is the
vertical in situ stress (ov). o1 is the minimum in situ stress (on,min), 03 is the maximum in situ stress (onmax). Left: the
fracture is “far” from the failure state. To reach failure, a hard stimulation (such as large injection rates and
pressures) might be necessary. Right: if a fracture is closer to failure, a soft stimulation might be enough to improve
the production via reactivation of existing fractures.

A hard stimulation approach, such as a hydraulic fracture treatment (Figure 6), can be required for several reasons: to overcome
near wellbore damage, to create new tensile fractures around the well or to shear a cluster of fractures that are too far from a failure
state.

Over-pressured zone

Primary hydraulic fracture Near well damage
Secondary hydraulic fracture ~ Pre-existing fracture

Figure 6. Top view of the stimulated area around a well after a hydraulic fracture treatment is performed. Such a treatment
can propagate long tensile fractures in the direction of Gh,max and short fractures in the direction of on,min. Moreover,
proppant can flow into the pre-existing fracture that are present in the propped zone and the fractures that are
located into the extended over-pressured zone might undergo hydroshearing (modified after Dusseault et al, 2011).

Hydraulic stimulation involves the pumping of fluid into a propagating fracture under high pressures. Part of the fluid does not
remain in the fracture but is lost to the reservoir — this is called the fluid leakoff. It is driven by the pressure difference between
injected fluid in the fracture and pore fluid in the reservoir, and by the resistance resulting from the reservoir permeability and the
fracture network. The fluid leakoff is the principal factor controlling the induced fracture dimensions — height, length and width
(Mikhailov et al, 2011). Larger leakoff values result in smaller fractures. Reservoirs that show high leakoff are thus not typically
good candidates for an effective and efficient hydraulic fracture treatment. Hydraulic fracturing is therefore usually applied in
unconventional or tight oil/gas reservoir with permeability smaller than 1 mD.

Productive geothermal fields like Wayang Windu usually exhibit high leakoff values, compromising the mere success of a
hydraulic stimulation. When the induced pressure is sufficient to open the pre-existing fractures, the leakoff will increase by orders
of magnitudes because considerable amounts of fluid will instantly flow into the fracture system (Economides & Nolte, 2010).
However, numerical and field studies have shown that hydraulic fracture treatments might still be effective if leakoff rate control
can be achieved to guarantee sufficient fracture growth. Practical solutions in volcanic environments can be to isolate short

5
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perforated intervals (5-10 meters); to maximize the pump rate; to increase fluid viscosity during the treatment; to use small
proppant grain size or to deploy tip-screen-out fracturing (Roodhart et al, 1994; Weijers et al, 2002; Legarth et al, 2005;Weng et al,
2011). Legarth et al (2005) used expansion joints, open hole packers and temporary salt plugs to isolate two intervals of 40 and 60
meters within the open hole completion interval of 420 meters TVD. With a non-aggressive treatment they generated hydraulic
fractures that yielded a considerable improvement in production.

The cement design of geothermal wells might currently represent the biggest challenge of the geothermal industry (Salim & Amani,
2013). High-temperature volcanic environments are very challenging and the large wellbore diameters required to accommodate the
drilling and pumping tools increase the costs and the technical difficulties (Glauser et al, 2013). Figure 7 sketches how the
perforated liner of the Wayang Windu wells is not in contact with the wellbore walls.
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Figure 7. Expanding the perforated liner at the top and base of a short perforated interval will allow to insert an isolating
tool, such a packer, and to perform a more effective and safe hydraulic fracture treatment.

The annular empty space makes it difficult to isolate a short section and seriously complicates the design of an effective hydraulic
fracture stimulation. To insert inflatable packers or using ball sealers in the perforated liner will not be effective, because the
fracture fluid will flow upwards through the annulus. For the same reason, a temporary gel or salt plug might not work. There may
be effective solutions, such as expanding the perforated liner to create contact between it and the wellbore walls, or melting and
inserting a thermoplast to fill a short section of the annulus. Expanding the liner can be done via hydraulic or inflatable expanders
or explosives (Figure 7).

The feasibility of such approaches must be properly tested in a laboratory on casing samples before being applied. The most
rigorous, but also most expensive, approach might be to cut the liner and entirely recomplete the well. Then all options available in
standard oil and gas applications, including zonal isolation and multi-stage fracturing, become available.

We focus on the stimulation of geothermal wells completed with a long open section with a perforated liner that can only be
isolated at the top of the perforated liner. The objective of the stimulation is to connect to the larger fault zones with the 70 m
spacing. Therefore, we target fractures of 35 m penetration. As a result, large volumes of fracture fluids and proppant are required,
affecting the economic feasibility of the stimulation. Further, the high leak off typical for a densely fractured reservoir will cause a
high percentage of the injected fluids to penetrate the formation, reducing the effectiveness of the treatment. Further, because of the
effective stress gradient between the top and the base of the perforation interval, the induced fracture is expected to develop only
around the top of the perforated liner: the fracture location can thus not be optimized. And finally, there is a potential wellbore
integrity issue because of the absence of a cemented annulus. Hydraulic stimulation is associated with the development of large
induced stresses. Figure 8 demonstrates how these stresses may activate pre-existing fractures crossing the well and harm the
perforated liner via local plastic buckling (Dusseault et al, 2001).

3. METHOD

We have investigated the feasibility of executing an efficient and safe hydraulic fracture treatment on the wells of the Wayang
Windu geothermal field with an analytical approach, a single-well reservoir model and a study on wellbore walls failure risk.

31 Analysis of injected volumes and fracture efficiency

In this section we provide the mathematical background necessary to evaluate the fluid volumes required to stimulate a hydraulic
fracture on the perforated interval of the case study well. The reservoir rock was assumed to have a linear elastic behavior and to be
homogeneous. Actual values used in the calculations are listed in Table 6. The required one-wing fracture length of 35 m is based
on the 70-m spacing of the large-scale fracture system.



Pizzocolo et al.

void
e e
void
Rock fdﬁnqtion

leled il Lol |

&

&
Q
< i
3
S
3]
/>
5

Rock formation
void

i R

bisdddd &

Figure 8. Left: perforated liner crossed by a pre-existing fracture. Right: plastic buckling of the perforated liner induced by
the shear displacement of the pre-existing fracture (modified after Dusseault et al, 2001). A1 and A: are the areas of
the undeformed and the deformed cross section of the perforated liner respectively.

Table 6. Input data for the analytical calculation. * = related to wellbore section 4 (Table 4). ** = length of section 4 (Table

4).
Well diameter * (j) [m] 0.31 (12" Va)
Well depth TVD (d) [m] 1279.7
Perforations interval ** (Lint) [m] 710
Fracture height (Hfrac) [m] 710
Fracture length (Lfrac) [m] 35 (per wing)
Injection rate gi [m3/min] 7
Viscosity of the injected fluid m [cp] 0.89

Figure 9. Planar geometry of a 2 wing hydraulic fracture. In this simplified case: Hfac = Lint.

The total volume (V) of a 2-wing fracture is calculated assuming a KGD fracture planar shape (Yew & Weng, 2015). This model
assumes that the formation is a homogeneous, isotropic and linear elastic medium and that the fracture is simply a channel of
opening wyc in a plane-strain state (Figure 9). Such a geometry is an appropriate choice when the fracture length is smaller than the
fracture height (Meyer & Bazan, 2011). The fracture volume is given by:

i
Vfrac =73 Hfrac ’ Lfrac " Wrrac (D
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It was assumed that an isolating tool could be placed at the top of the perforated liner. The volume (Vwex) of fluid required to fill the
perforated section of the wellbore is not negligible:

2

Vweu = m - % “Line (2

The total injected volume is:
Vinj = Vfrac + Vpeu + I/leakoff 3)
where Viearosr represents the leakoff volume: the amount of injected fluid lost to the formation without contributing to the fracture

volume. An important parameter that gives a qualitative idea of the effectiveness of the hydraulic fracture stimulation is the fracture
efficiency. This is defined as (Harrington & Hannah, 1975):

Vfrac Vfrac
= = 4

T] Vinj = Vweul Vfrac+Vleakoff ( )

For a specific target value of the fracture volume, the fracture efficiency decreases with increasing leakoff — and vice versa.

Generally the fracture efficiency varies during the stimulation because fracture volume and leakoff volume vary differently. The

efficiency is highest at the beginning of the treatment. When the hydraulic fracture propagates further into the formation it

gradually reduces because of the increasing surface available for the leakoft (Economides & Nolte, 2010).

With a KGD geometry, the dimensions of the hydraulic fracture are calculated following the theory of Perkins and Kern and the
total leakoff coefficient, Crearoyr With the simplified Carter equation. The fracture length is computed with:

Lrae = gttt (e erfe(Sy) + 7 "So=1) )

64" Cloakoss *Hfrac
qi is the injection rate and the coefficient Sy can be calculated as a function of the fracture efficiency or of the leakoff coefficient:

8 Cleakoff VIU't

195, 1
Sp=125- L= el (g)

where ¢ is the elapsed time after the injection of fluid started expressed in minutes. The width at the well of the fracture is given by:

1

AR R

Wrrac = - E'Hyrac @)
E

1-v2°

related by the elastic behavior of the reservoir and the pressure distribution in the fracture. The latter originates from the frictional

pressure drop between the entrance at the wellbore and the fracture tip, due to the fluid’s high velocity and its viscosity.

where u is the viscosity (bar'min) of the injected fluid and E is the plain strain modulus: E' = Width and length are mutually

3.2 Single-well reservoir model

The aim of the single-well reservoir model was to investigate which treatment design is necessary to develop a hydraulic fracture
treatment in the geothermal field and to gain more insight on how a hydraulic fracture will develop in a geothermal environment.
To that end, numerical simulations were executed with the numerical simulators MSHALE and MFRAC.

A 3-dimensional fracture model was chosen to obtain a realistic fracture profile (Meyer, 2016). The fractured system of the 70x70
meters structures typical of the Wayang Windu field were modelled in two different ways. The first model explicitly presents the
fractured network with Dji.c = 1.1 m™ and separately considers the low permeability of the rock matrix (0.001 mD). Fluid leakoff is
then controlled by the network. The injection well was located in the center of the cluster (Figure 10).

In the second model, the fractures that lie inside the clusters are implicitly considered in terms of enhanced permeability of the rock
formation: a higher fracture density will lead to a higher permeability of the rock matrix that is surrounded by the explicitly
modelled fractures.

Assuming a laminar flow and no roughness of the fracture walls, the permeability of the implicit fracture network (kimpi.prn) is
calculated following the cubic law (Whitherspoon et al, 1980).

W3
kimpl,DFN = 12s (®

is the fracture

where w is the width of the pre-existing fractures within the squared clusters of side length Leusr and S =
frac

spacing (the distance between 2 adjacent fractures that develop in the same direction). The width of the fracture has three different
components (Rutqvist et al, 2004):

w=wpn+ W+ ws) (9)

where wi is the initial fracture aperture, wy, is the extra width related to the stress component perpendicular to the fracture surface
and ws is connected to the shear stress. w, and wy are induced by stimulation activities: before stimulation: w,, = wg = 0. It was not
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possible to acquire field data of the fracture aperture. Therefore a series of sensitivities analysis were run to evaluate the relevance
of the initial fracture’s aperture.
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Figure 10. Explicit fractured network within a 70x70 meters cluster.

Table 7. Value of the initial fracture aperture selected for the sensitivities analysis as suggested by Fang et al (2015).

Win,1 5.0e’s [m]
Win,2 7.5e [m]
Win,3 1.0e* [m]

In both cases, two different treatment designs were evaluated. The first focused on the injected volume necessary to develop a 2-
wing 70 meters long hydraulic fracture, to evaluate if the total volumes of fracture fluid and proppant and the power required were
technically and economically feasible. The interest of the second was to assess the hydraulic fracture that could be stimulated with a
treatment design of 500 m? of injected fluid (400 m? of pad stage, 100 m® of proppant stage, 9.6 kg/ m® of proppant concentration).

The total leakoff coefficients of the rock matrix and of the fractures are controlled by different mechanisms. The leakoff of the rock
matrix is a function of the reservoir properties, such as permeability, porosity and compressibility. The fracture leakoff depends on

the pressure gradient between the formation pressure and the pressure within the fracture and it is not connected to the matrix
properties (Barree et al, 2009).

Table 8. Perforation zone data.

Perforations

Top perfs MD Bottom perfs MD Perforations diameter
Zone
number
[m] [m] [mm]
Perforated liner 890 1600 922 9.9

Following the work of Weijers et al (2002) and Weng et al (2011), a smaller proppant grain size was selected to optimize the
placement and increase the durability of the proppant (30/50 SinterBall Bauxite).

In all the numerical simulations performed with the single-well reservoir model we assumed that it was possible to introduce an
isolating tool on top of the perforated liner.

33 Analysis of the wellbore failure risk

Trying to induce a hydraulic fracture might also compromise the wellbore integrity. Expressions to calculate the well pressures
required to reach shear or tensile failure of the borehole walls have been presented by Fjaer et al (2008). These equations were
formulated for idealized conditions, but they are useful to draw a clearer picture of the risk of damaging the wellbore. Breakouts
along the shear bands (Figure 11, right) will occur if the pressure inside the well is below the shear limit (pwei,min):

oy+2v (o'h,max_ o'h,min)_ Pform— Co

Pweli,min = Prorm t (tan B)? (10)
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where Cy and S are the uniaxial compressive strength and the failure angle of the rock formation, respectively. The breakouts will
propagate in the direction of on,min.

Tensile fracturing will occur when the pressure inside the wellbore is greater than the tensile failure limit:

pwell,max = 3O-h,min - cTh,max - pform + TO (11)

where 7T is the tensile strength of the rock formation. The actual tensile strength of the rock formation in the near well area is
negligible (7o = 0) because of the damaged zone created by the drilling process. Equation (12) should be used to evaluate fracture
initiation and propagation only in the stress concentration area: approximately within one well diameter of distance from wellbore
wall. Outside this near-wellbore zone, we used the propagation criterion for tensile fractures given by:

Pwell,max = Onhmin + Ty, (12)
where the tensile strength T, # 0 because here the rock formation is assumed intact.

The values calculated with equations (10) and (11) give the range of wellbore pressures needed to ensure the integrity of the
wellbore. The in situ horizontal stresses of the Wayang Windu field present a strong anisotropy: oy max = 2 Opmin- Such a large
anisotropic stress field decreases the range of pressures for which the wellbore walls are stable (higher pyejmin and lower
Pwellmax)- Moreover, because 0y max > Opmin, the pressure calculated with equation (12) might be lower than tensile failure
criterion outside the stress concentration area.
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Figure 11. Left: top view of the stress field around a wellbore. The grey and red lines show the stress field (combination of
the horizontal in situ stress). The presence of the wellbore creates stress concentration areas in the direction of the
horizontal stresses. Right: Top view of the damages that can occur on the wellbore walls. In the Wayang Windu field
a marked anisotropy in the horizontal stress is measured. This leads to wellbore breakouts that develop along shear
bands in the direction of the minimum horizontal stress. During drilling, too high mud pressures can induce tensile
fractures in the direction of the maximum in situ stress.

Distance from well

Figure 12. Simplified sketch of the stress field area around the wellbore. o1, 62 = horizontal stress, o3 = vertical stress. At the
distance of approximately one well diameter from the wellbore wall, the stress returns to its unperturbed state (far
field stress, 62). Closer to the wellbore, the stress is much higher than the far field stress: o, = 3 7,.

A large anisotropy of the horizontal in situ stresses will entail higher pressure to open pre-existing fractures. The wellbore net
pressure is defined as the pressure required to open a pre-existing fracture in the direction of the maximum horizontal stress and it is
given by Nolte & Smith (1981):

__ Onmax ~ Ohmin
popenDFN - 1-2v (13)
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High values of popenprv have both a positive and negative effect on the hydraulic fracture stimulation. If the width of the pre-
existing fractures is not increased by the overpressure, the leakoff of the fractured geothermal system stays to a more acceptable
level and the induced hydraulic fracture can penetrate deeper into the reservoir. On the other hand, if the pre-existing fractures do
not open, the effectiveness of the stimulation will be more limited.
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Figure 13. Visualization via Mohr-Coulomb circles of the initial state of stress of 3 different points of the geothermal
reservoir (Figure 2). C: top of the reservoir, D: base of the perforated liner, E: center of the perforated liner. In
absence of field data, it has been adopted a friction angle of 60° and zero cohesion is assumed. o1 = minimum
horizontal stress, o2 = vertical stress, 03 = maximum horizontal stress.

The analysis of the shear failure of the perforated liner (Figure 8) is performed via Mohr-Coulomb theory. The initial state of stress
of 3 different locations of the reservoir was considered: at the top, in the middle and at the end of the perforated liner (Figure 2).
Inducing an overpressure in the reservoir will destabilize the pre-existing fractures around the injection well by moving the Mohr
circle closer to the failure line (Figure 13).

4. RESULTS

4.1 Analysis of injected volumes and fracture efficiency

Equations (1-8) allow a first estimate of the amount of fluid volumes needed to stimulate a 2-wings hydraulic fracture. For a
hydraulic fracture of 35 m long per wing and height equal to the perforated length (710 m) we obtained an average width of 1.0 mm
(Eq. 7 and 8; Table 8). The width is limited because of the extended length of the perforated interval. Figure 14 (left) shows the
results for the total volume of injected fluid that is needed to develop a tensile fracture along the complete perforated interval: Lin =
Hfrac = 710 m. Figure 14 (right) shows the dependence of the required volumes on fracture height — also indicating the range of
lengths of perforated intervals found in Wayang Windu.

For low fracture efficiency, the volume needed is very high. While the gap between 7 = 100% and 7 = 50% is limited, the disparity
between the volume needed when 7 = 50% and when 77 = 10% is pronounced. Because of the dense fracture network that
characterizes the Wayang Windu geothermal field, the leakoff coefficient of the rock formations is expected to be high. Based on
experience and data collected from literature, the fracture efficiency (7) will be between 7% and 15%. For such values the required
fluid volume is expected to strongly affect the economic profitability of the stimulation.
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Figure 14. Left: total volume of injected fluid (Vi) necessary to stimulate a hydraulic fracture 710 meters high and 1.0
millimeters wide as a function of the fracture half-length and for different fracture efficiencies. Right: total volume
of injected fluid (Vi,) necessary to stimulate a hydraulic fracture 35 meters long and 1.0 millimeters wide as a
function of the perforated interval length (assuming Liix = Hfwc) and for different fracture efficiencies. The dashed
black lines represent the shortest and longest perforated intervals that can be found in the wells of the Wayang
Windu field.
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The fracture efficiency strongly affects the demanded amount of fracturing fluids. Fixing the geometries of the well and the
hydraulic fracture (= Ve and Ve are constant), the total injected fluid volume depends only on the leakoff volume (equation (3)).
The injected volume grows very fast for low values of the fracture efficiency (Figure 15).
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Figure 15. Fluid volume needed to stimulate hydraulic fractures of the geometry showed in Table 6 as a function of the
fracture efficiency.

4.2 Single-well reservoir model

We described in Section 3.2 the two different single-well reservoir models: the first with an explicitly modelled dense fracture
network and the second with an implicitly modelled fracture network in terms of homogenized rock matrix permeability.

For the explicitly modelled fracture network, two scenarios with diverse treatment designs were analyzed. In the first, the input was
given by the target length of one wing of the hydraulic fracture and the injection rate (¢; = 7 m*/min). In the ideal situation in which
the injection well was placed in the middle of a fractured cluster, we chose Ly = 35 meters (Figure 16) — again based on the 70-m
spacing of the large-scale fracture system. The required injected volume to stimulate a 35 meters long fracture in the dense fracture
network is 260 m?® and the BHTP is 180 bars.

For the second scenario we investigated the sensitivity of the treatment to the stimulation design by calculating the dimensions
based on a range of injection volumes and injection rates. First, input was only given by the injection rate (¢; = 7 m*/min) and a
wide range of injection volumes were considered (Figures 17 and 18). In both scenarios a proppant distribution allocation was
selected: the ratio between the proppant mass staying in the induced hydraulic fracture and the total mass was taken 50%. The
background of this choice is the extended leakoff, causing the proppant not to stay in high percentages in the main fracture but also
spreading into the fracture network near the induced hydraulic fracture.

The sensitivity to the injection rate was also investigated (Table 9). In the range of injection rates evaluated, the length of the
calculated hydraulic fractures is similar (32 — 35 m). The leakoff rate is high in all the cases: ~98 % of the injection rate towards the
end of the treatment. The induced hydraulic fracture is not confined in the interval of the perforated liner but it propagates above
the top of the reservoir. The fracture efficiency keeps decreasing during treatment for all scenarios.
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Figure 16. Left: top view of the 2-wings hydraulic fracture and of the stimulated fracture network within a 70x70 meters
cluster. The color plot shows the width of the fractures after stimulation. Right: side view of one of the wing of the
hydraulic fracture. In this case: Lfiac = 35 m (input), Hfwc = 74.7 m. The color plot shows the width of the stimulated
hydraulic fracture at the end of hydraulic fracture treatment.
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Figure 17. Left: top view of the 2-wings hydraulic fracture and of the stimulated fracture network within a 70x70 meters
cluster (Vinj = 500 m3, g; = 7 m*/min). The color plot shows the width of the fractures after stimulation. Right: side
view of one of the wings of the hydraulic fracture. The color plot shows the width of the stimulated hydraulic
fracture at the end of hydraulic fracture treatment.
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Figure 18. Explicit fracture network scenario. Length and height of the induced hydraulic fracture for different injection

volumes at fixed injection rate (¢; = 7 m*/min).

Table 9. Characteristic of the stimulated hydraulic fracture for the different injection rate and constant injected volume
(500 m®). * = 1 wing length. ** = initial and end of final (EQJ) efficiency of the main fracture. LOR = leakoff rate.
BHTP = bottom hole treating pressure. In all analyzed cases the fracture propagates 20-30 meters above the top of
the perforated liner and stay confined in the transition zone.

i [m3/min] Lrac
1 35.3
3 33.8
5 33.5
7 33.2
9 32.9
1 326

m]*

121.5
127.5
126.8
126.5
126

125.5

Hfrac [m]

LOR [m3/min]

0.99

2.99

4.92

6.94

8.89

10.8

n [%] **
16-1.2
30-15
235-16
19.5-1.7
19-1.7
19-1.8

BHTP [bar]

165.8
168.9
170.8
172

173.4

174.1

For the implicit fracture network we followed equations (9) and (10) to calculate the permeability of the implicit fracture network
(kimpt,prn) as a function of the fracture density (Figure 19). A fracture density of 1.1 m™ was selected to evaluate the fracture
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dimensions for a fixed injected volume and rate (Vi = 260 m?, gi = 7 m*/min). In this case the proppant was assumed to stay in the
induced tensile fracture because the fracture network was not physically modeled.
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Figure 19. Permeability of the implicit fracture network (kimpi,prv) as a function of the fracture density for different initial
fractures’ aperture.

Table 10. Calculated permeability of the implicit fracture network for different initial aperture of the pre-existing fractures.
* = average fracture density of the Wayang Windu field.

Kimpi,oen [Darcy]

Initial
fracture width
Dfrac =1.1m? *Dfmc =1.5m1
Win,1 0.012 0.016
Win,2 0.038 0.053
Win,3 0.092 0.125

Table 11. Characteristic of the stimulated hydraulic fracture for the different permeability of the implicit fracture network
with constant injected volume (260 m?). * = 1 wing length. LOR = leakoff rate. BHTP = bottom hole treating pressure.

Win Lfrac* H, Ifrac LOR BHTP
[m] [m] [m] [m3/min] [bar]
5.0e” 49 165.7 5 150
7.5e5 48.8 165.1 5.03 150
1.0e* 48.6 164.8 5.05 150

The high permeability of the homogenized rock matrix did not seem to limit the development of the stimulated fracture in
comparison to the case of the explicitly fractured network. However, the hydraulic fracture strongly developed above the top of the
perforated liner (Figure 20). The calculated geometry and characteristics of the induced hydraulic fracture did not significantly
change upon the use of the three different initial fracture apertures (Table 11).

4.3 Analysis of the wellbore failure risk

The magnitudes of the well pressures needed to develop shear breakouts or to propagate tensile fractures within the steam zone of
the geothermal reservoir were calculated by solving equations (11), (12) and (13). The results are presented in Figure 21.
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Figure 20. Side view of one of the wing of the hydraulic fracture. In this case the fractured network was modelled implicitly:
Lfrac = 48.6 m (input), Hfac = 164.8 m. The color plot shows the width of the stimulated hydraulic fracture at the end
of hydraulic fracture treatment.

[bar] [bar]
0 25 50 75 100 125 150 0 25 50 75 100 125 150 175 200 225

-700 -700

800 — & o Pformatmn -800 — chlj,max
900 _— Pwellﬁmax -900 Pwell,max *
E =
= — P, =, P e
= -1000 well,min = -1000 well,max
& =
- O
2 1100 B 1100
-1200 -1200
N 1 e e Q300 ST T TT T T T T mmmsmssR-mm-g----X---
-1400 -1400

Figure 21. The dashed red lines indicate the top and the base of the uncemented perforated liner. Left: well pressures
needed to generate breakout (blue line) and propagate tensile fractures (black line) with the damaged zone around
the wellbore wall. Right: well pressure needed to originate tensile fracture within the near wellbore damaged zone
(black line), within the damaged zone if the tensile strength in not zero, 7o = 30 bar (*, yellow line), and outside the
damaged area (**, grey line).

The pressure within the dry steam geothermal reservoir is almost constant (Figure 21, left, green line) because of the low
hydrostatic pressure gradient of the steam (0.0017 bar/m). At depths greater than approximately 1130 meters, the formation pore
pressure is smaller than the minimum wellbore pressure needed to not damage the wellbore walls. Such behavior originates from
the strong anisotropy of the in-situ horizontal stress, which creates intense stress concentration in the near wellbore area. Above the
top of the reservoir, the formation pore pressure is larger than the maximum allowed pressure under the assumption of zero tensile
strength, but since the well is cased there this does not pose a risk. Outside the stress concentration zone (approximately one
wellbore diameter of distance from the wellbore wall), the pressure needed to propagate tensile fractures is much higher (Figure 21,
right, grey line). Far from the wellbore the magnitude of the maximum horizontal stress is not relevant in the analysis of the
stability of the wellbore walls. Moreover, because the rock formation is considered not damaged by the drilling process, the tensile

strength of the rock is not negligible (T, # 0).
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Figure 22. Difference between the formation pore pressure and the well pressure needed to propagate tensile fractures
(pwen,max). The dashed red lines indicate the top and the base of the uncemented perforated liner.
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Figure 23. Well pressure required to enhance the width of the existing fractures. The dashed red lines indicate the top and
the base of the uncemented perforated liner.
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Figure 24. Visualization via Mohr-Coulomb circles of the state of stress at failure of 3 different points of the geothermal
reservoir (Figure 2). C: top of the reservoir, D: base of the perforated liner, E: center of the perforated liner. In
absence of field data, it has been adopted a friction angle of 60°. 1 = minimum horizontal stress, 62 = vertical stress,
o3 = maximum horizontal stress.

The pressures evaluated can now be used to identify pressure conditions risking tensile failure. The condition is in the range of 5
and 40 bars in the section of the perforated liner close to the reservoir top (Figure 22). Further, from equation (14) we quantified
the well pressure necessary to open the pre-existing fractures of the geothermal field. Because of the high anisotropy of the
horizontal in situ stresses (Gh,max >> Ohmin), these are relatively high: 200-300 bar (Figure 23).

We finally employed Mohr-Coulomb theory to calculate the overpressure necessary to reactivate pre-existing fractures in the rock
matrix around the injection well. For the failure envelope we used a friction angle of 60° and zero cohesion. Table 12 provides the
numbers to move the initial stresses (Figure 13) to critical state (Figure 24).
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Table 12. Magnitudes of the overpressures (pressure of the injected fluid above the formation’s pressure) needed to shear
pre-existing fractures (Apshear) and to open new tensile fractures (Apmac) at 3 different depths in the geothermal
reservoir. References of the location of points C, D and E can be found in Figure 2.

Depth pformation Dpshear Dpfrac
Point
[mTVD] [bar] [bar] [bar]
C 917 78.6 19.4 31.4
E 1237 79.1 53.8 70.9
D 1560 79.7 88.3 112.8

In all cases Apfiac > Apshear: shear displacements will occur before opening new tensile fractures, increasing the chances of damaging
the wellbore stability.

5. DISCUSSION

5.1 Efficiency of hydraulic stimulation

The Wayang Windu field is characterized by a high fracture density. For this reason a low fracture efficiency is expected. Still,
fracture lengths of the order of 35 m must be created to connect to the large-scale fracture structures that constitute the main flow
system. As shown in Figure 14, the injected fluid volume that it is required to stimulate a tensile fracture of that length increases
rapidly when lowering the values of the fracture efficiency. Also, high injection rates will be required. And, even while commercial
hydraulic pumps can reach rates higher than 2000 GPM (7.6 m?/min), building the necessary overpressure in the well quickly
enough to induce a long enough hydraulic fracture before the fracture fluid gets lost in the fractured network, it seems to be a
technical issue that is hard to overcome.

Two important issues are not covered in the analytical formulas. The first is that the efficiency is a function of time. This can be
addressed by making time-dependent calculations, as was done with the single-well models. The second issue is that the fracture is
assumed to cover the full height of the perforated section. This is also addressed by the single-well models.

A single-well reservoir model was employed to the fractured geothermal reservoir around the case study well. Two models were
created: with an explicitly and with an implicitly modelled fractured network. A tensile fracture reaching the extremes of the 70x70
meters cluster appeared to be technically feasible for a single-stage fracture treatment, but the dense fracture network around the
injection well leads to a very low fracture efficiency. This is in accordance with the analytical calculations. The consequence is that
proppant placement will be problematic.

The specific results of the models with the explicit and with the implicit fracture network were very different. This is particularly
clear when comparing the fracture efficiencies resulting from the two approaches (Figure 25). The difference is related to the
difference in modelling approach: an explicitly modelled fracture network allows the network to open progressively and is therefore
more realistic. Modelling the geothermal reservoir as an homogeneous rock matrix leads to a wrong evaluation of the fracture’s
efficiency and overestimates the length and height of the induced hydraulic fracture. It is better to deploy the case with the
explicitly modelled fracture network.

More importantly, in all the studied scenarios with the single-well model the induced hydraulic fracture propagates above the top of
the reservoir up to few tens of meters and it does not penetrate the deeper parts of the reservoir (Figures 16, 17, 19). The bottom
hole pressure that is reached while developing a hydraulic fracture on the shallower part of the perforated liner is not sufficient to
propagate a hydraulic fracture all the way to the base of the liner. This is a serious problem because a deeper penetration into the
geothermal reservoir is required to significantly improve the connection with the pre-existing fractures and the associated
productivity of the well.

A hydraulic fracture treatment would be much more effective if it would be possible to isolate a shorter perforated interval, for
example by expanding the perforated liner to create a contact with the wellbore wall and introducing sealing packers (Figure 7).
Then it would be possible to target the part of the geothermal reservoir that would benefit most from the stimulation procedure.
Figure 26 shows the fracture dimensions resulting from the same treatment design on a shorter perforated interval (20 meters) with
the same perforation spacing and diameter, halfway the original open section. A hydraulic fracture 42 meters deep and 84 meters
high could be induced. Also here, the efficiency of the fracture is extremely low: it varies between 4.5% and 1% at the end of the
stimulation. The isolation of a limited interval in the open hole section with the perforated liner, however, is not at all trivial and is
not yet standard industry practice. Failure of the perforated liner is a realistic risk. Application of zonal isolation in these types of
completions will therefore require extensive prior laboratory tests.

The uncertainties in our input parameters are considerable, therefore so are the uncertainties in the quantitative results of the
calculations. This does, however, not compromise the qualitative results: the large leakoff values in combination with the long open
sections challenge the mere possibility of effectively fracturing these kinds of reservoirs.
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Figure 25. Evolution of the efficiency of the induced hydraulic fracture during injection if the fractured network (FN) is
explicitly (orange line) or implicitly model (blue line) when Viinj = 220 m3, gi = 7 m*/min.
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Figure 26. Left: top view of the 2-wings hydraulic fracture and of the stimulated fracture network (Vinj = 260 m?, qi = 7
m>/min). The color plot shows the width of the fractures after stimulation. Right: side view of one of the wing of the
hydraulic fracture. In this case: Lfrac = 42 m, Hfrac = 84 m. The color plot shows the width of the stimulated hydraulic
fracture at the end of fracture treatment.

5.2 Analytical study on wellbore wall failure risk

Working on a long perforated interval is also challenging because the in situ stress increases significantly with the depth while the
pore pressure is approximately constant (Figure 21, left). As a result, the section is prone to tensile failure at the top and to shear
failure at the bottom. Increasing the pressure to propagate a hydraulic fracture can thus cause well failure, especially in the lower
part of the open hole section. Moreover, the absence of cement, in combination with high differential stresses and the high fracture
densities that are typical in the Wayang Windu field, increase the chances of plastic buckling. Buckling will irremediably reduce
the cross section of the perforated liner and compromise its integrity and can ultimately lead to a disconnection of parts of the
geothermal reservoir.

The well pressure needed to propagate tensile fractures outside the stress concentration area is much higher than the well pressure
needed to propagate such fractures in the stress concentration annulus (Figure 21, right). As a result, an annulus of thickness up to
one well diameter might already collapse into the wellbore before the overpressure has been reached the value necessary to
propagate a tensile fracture. Moreover, the high horizontal-stress anisotropy makes it difficult to open the pre-existing fractures.
Figure 27 shows how the overpressure required to open the fractured network is much higher than the overpressure needed to
develop tensile fracture in the stress concentration annulus, even if we consider the near wellbore area to be not damaged (7o = 30
bars, blue line).

If it is not possible to isolate a short interval of the perforated liner, the technical issues together with the risk of irremediably

damaging the wellbore, should drive the choice of the proper stimulation technique towards other possibilities than hydraulic
fracturing.
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Figure 27. Overpressure (APyeimax = Pwettymax — Pformation) Needed to develop tensile fractures along the wellbore wall
(black and blue, if 7o = 30 bars, lines) and overpressure (AP,penpry = Popennrn — Pformation) required to
effectively stimulate the fracture network (yellow line). The dashed red lines indicate the top and the base of the
uncemented perforated liner.

6. CONCLUSIONS

The focus of this work was to investigate whether hydraulic fracturing could be the proper stimulation technique to improve
production of sub-commercial wells of the Wayang Windu geothermal field (West Java, Indonesia), as applying the right
stimulation approach can push the production to the desired level. However, performing a fracture treatment in volcanic
environments like these presents several challenges. We have investigated technical and geological issues affecting the
effectiveness and efficiency of hydraulic fracturing. The impracticality of appropriately isolating a short section of the perforated
liner appeared to be the biggest concern. In all studied scenarios, it was possible to propagate a hydraulic fracture, but only in a
constrained area at the top of the perforated liner. The simulated fracture were also propagating vertically slightly above the top of
the reservoir into the clay cap for a few tens of meters.

We also demonstrated how the execution of a hydraulic fracture treatment on a long perforated interval (400-1500 m) can
jeopardize the integrity of the well. This is related to the large differences in stresses along the open well path.

If isolation of a short section of the perforated liner is not technically possible or economically too expensive, hydraulic fracturing
might not be the correct stimulation technique. The high leakoff of the dense fracture system in combination with the large stress
differences along the perforated section length make the Wayang Windu a bad candidate to perform a hydraulic fracture
stimulation.

The high injectivity that causes the high fracture leakoff can also be exploited to apply alternative stimulation approaches. For
example, if the pressure and temperature fronts of high volumes of injected fluid can quickly penetrate deeply into the reservoir,
thermal and acid stimulations can be a valuable alternative to hydraulic fracture stimulation.
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