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Abstract: Hydraulic fracturing (HF) has been used for years to enhance oil and gas production
from conventional and unconventional reservoirs. HF in enhanced geothermal systems (EGS) has
become increasingly common in recent years. In EGS, hydraulic fracturing creates a geothermal
collector in impermeable or low-permeable hot dry rocks. Artificial fracture networks in the collector
allow for a continuous flow of fluid in a loop connecting at least two wells (injector and producer).
However, it is challenging to assess the fracability of geothermal reservoirs for EGS. Consequently, it
is necessary to design a method that considers multiple parameters when evaluating the potential of
geothermal development. This study proposes an improved fracability index model (FI) based on the
influences of fracability-related geomechanical and petrophysical properties. These include brittle
minerals composition, fracture toughness, minimum horizontal in-situ stress, a brittleness index
model, and temperature effect to quantify the rock’s fracability. The hierarchical analytic framework
was designed based on the correlation between the influencing factors and rock fracability. The results
of the qualitative and quantitative approaches were integrated into a mathematical evaluation model.
The improved fracability index model’s reliability was evaluated using well logs and 3D seismic data
on low-permeable carbonate geothermal reservoirs and shale gas horizontal wells. The results reveal
that the improved FI model effectively demonstrates brittle regions in the low-permeable carbonate
geothermal reservoir and long horizontal section of shale reservoir. We divide the rock fracability into
three levels: FI > 0.59 (the rock fracability is good); 0.59 > FI > 0.32 (the rock fracability is medium); and
FI < 0.32, (the rock fracability is poor). The improved FI model can assist in resolving the uncertainties
associated with fracability interpretation in determining the optimum location of perforation clusters
for hydraulic fracture initiation and propagation in enhanced geothermal systems.

Keywords: enhanced geothermal systems; fracability index; hydraulic fracturing; carbonate reser-

VOirs; seismic inversion

1. Introduction

Fracability refers to a rock’s ability to fracture efficiently during hydraulic fracturing,
which controls the fracture pattern and fracture network complexity [1,2]. The multistage
hydraulic fracturing in low-permeability rock is affected by mineral composition, brittleness
index, stress regime, presence of natural fractures, and elastic properties [3-5]. In recent
years, the fracability index (FI) has become a standard measure for describing the resistance
of rocks to hydraulic fractures [1]. Several geoscientists and engineers use the term FI to
describe the quantitative evaluation of shale fracability [3,4,6].

Various FI evaluation methods have been proposed based on modifications to the
classical methods [7,8]. Guo et al. [8] introduced a novel approach for evaluating the
fracability of shale based on the full core diameter. This method estimated the capacity of
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shale to create fracture networks by considering the rock’s brittleness, hardness, natural
fracture system, and fracture density. Bing et al. [9] established a mathematical model of
shale fracability based on two factors: reservoir properties (shale brittleness, quartz content)
and geological factors (natural fractures, diagenesis). Yuan et al. [5] and Jin et al. [10]
calculated the rock’s fracability using elastic moduli-based BI and mechanical properties.
Yuan et al. [5] presented a methodology for evaluating fracability that incorporates elastic
moduli-based brittleness index (BI), fracture toughness (both mode-I and mode-II), and
in-situ horizontal stress. The fracability model proposed by Yuan et al. [5] was modified
by Yasin et al. [1] by replacing mineralogy-based BI with elastic moduli-based BI. The
inclusion of mineralogy-based BI in Yuan et al. [5]’s fracability model resulted in more
accurate results [1]. Sui et al. [11] employed the analytic hierarchy process to determine the
relative importance of various factors affecting shale fracability (i.e., clay content, cohesion,
and internal friction angle) by weight calculation. Furthermore, Wu et al. [12] tested the
influence of diagenesis and the presence of natural fractures on shale fracability using data
from prior research.

Since hot dry rock (HDR) formations also have low permeability, the hydraulic frac-
turing (HF) design at the EGS site is not quite similar to the natural gas operation. The
mechanisms of enhanced geothermal stimulation and shale reservoir fracking differ sig-
nificantly. The dominant failure mode in hydraulic fracturing is mode I fracture, and
the characterization of fracture toughness is also significant. In the case of EGS, fracture
reactivation dominates [13]. Other differences include greater depths, high magnitudes of
stresses, higher temperatures, and the presence of crystalline igneous rocks. McClure and
Horne [14] reviewed ten historical EGS projects and concluded that well bore flow was
caused by preexisting fractures during injection. There is a contradiction between these
observations, since flow from preexisting fractures is consistent with shear stimulation.
This observation was reconciled by McClure and Horne [14] by proposing that, in many
cases, new fractures are formed away from the wellbore. These fractures originate from
open and/or sliding natural fractures. As a result of the opening and sliding of natural
fractures, there is a concentration of stress that facilitates fracture initiation. There is a
possibility that propagating fractures may terminate against natural fractures, resulting in
a complex network of both new and preexisting fractures.

The FI models proposed by various authors are primarily designed for shale reservoirs,
which are somewhat different from HDR. Enhanced geothermal systems (EGS) can also
rely on high-temperature rock mass, pore structure, and working fluid to improve perme-
ability in addition to geomechanical and petrophysical properties, especially in carbonate
reservoirs [14,15]. An EGS reservoir uses hydraulic fracturing to maximize efficiency. This
technology enables the extraction of the earth’s thermal energy from impermeable (or very
low permeability) HDR, which does not contain water in natural conditions [16]. The
thermal energy from the HDR formation allows use of the heat from impermeable rock
(e.g., igneous, metamorphic). Subsequently, it drives a turbine to generate electricity at the
surface using a thermal collector developed for the EGS. It is generally possible to access the
HDR formations through wells located between three to five kilometers deep, connected
by induced fractures in a perspective layer. Fluid flows between injection and production
wells through conduction, which is heated underground and released as energy at the
surface. However, EGS differs from conventional geothermal systems in that the reservoirs
must be created with an artificial conductivity to facilitate the connection between the
wells [13,17]. An example of a schematic diagram of the enhanced geothermal system is
shown in Figure 1.
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Figure 1. Schematic diagram of the operation of an enhanced geothermal system (modified after
Moska et al. [18] and Zhou et al. [19]).

The present study proposes an improved fracability index based on geomechanical
and petrophysical properties as well as temperature effects to evaluate the geothermal
potential in low permeable carbonate reservoirs. The hierarchical analytical framework
was designed based on the correlation between the influencing factors and the fracability
of the rock. We developed a mathematical evaluation model to assess the low permeable
carbonate geothermal reservoir’s brittle, ductile, and transition zones. Ultimately, this study
examines hydraulic fracturing of stimulation zones in geothermal reservoirs to maximize
well productivity. We further apply the model to the horizontal shale gas well to determine
the accuracy and reliability of the model.

2. A Review of Hydraulic Fracturing in the Global Geothermal Fields

Hydraulic fracturing has been widely used to stimulate oil and gas wells over the last
three decades. Fracture treatments are currently being conducted on more than 70% of oil
wells and 90% of gas wells [20-22]. Since the 1950s, “water fracturing” has been used in
the hydrocarbon industry to inject low-viscosity fluids with low proppant concentrations
into dry gas reservoirs. The fractures create primary fluid conduits connecting production
zones far from wellbore locations [23].

A considerable number of geothermal wells have been stimulated by acid treatments
in carbonate rocks (e.g., Tuscany, Italy) and water-fracturing treatments that target high-
enthalpy crystalline reservoirs (e.g., upper Rhine Graben, France) [24-26]. The industrial
applications of hydraulic proppant fracturing (HPF) to enhance geothermal sedimentary
reservoir rock inflow performance have been developed worldwide. Geothermal reservoir
well stimulation projects in the USA and the rest of the world have been summarized in
Table 1 [18,27-29]. Table 1 provides geological information such as lithology, deposit depth,
optimal zone temperature, and thermal energy methods. Additionally, Table 1 contains
geophysical data, such as stress regimes and magnitudes, rock mechanics parameters, and
ultrasonic velocity measurements. It also provides information on fracturing, including
pressure, pumping rate, fracking fluids, chemical additives, and proppants.
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Table 1. Data compilation from EGS sites related to geology, tectonics, and fracturing. Where VP and VS = compressional or P- and shear or S-wave velocities in
m/s, E = Young’s modulus (GPa), v = Poisson’s ratio, ov = Vertical stress, ch = Minimum horizontal stress (MPa), cH = Maximum horizontal stress (MPa), PP = Pore

pressure (MPa).
EGS Site Time Duration Target Depth (m) Zone Temp. (°C) Lithofacies Fault Regimes Principal Stresses (MPa) Ultrasonic Velocities Fracturing Fluid
g P P g P g
. . . Middle triassic _ _ _ E=48,v=0.28,E=42, HSP 20/40 cross-linked
Qiabugia (China) 2016/17-present 3700 [30] 236 [30] granite, Anisian Normal oy =96, oy =88, o, =70 v =023 [30] gel [30]
E=18,v=0.15
. 3 L . ol oy =25 o, =162 (3916 m). MHF—fresh water
Fenton Hill (USA) 1974-1995 4400 (EE-2 well) [17] 327 at 4390 m [17] granodiorite, gneiss strike-slip/normal [31] Pp =101 [31] 4102 m depth: E= 33 131]
v =0.16 (4102 m) [17]
Habanero Cooper syenogranite, medium strike-slip, oy =98 oy =151
Basin 2003-2016 4400 [32] 248.5 [32] and coarse- r/ained 133] reverse, and o v 123 Pp = 73 [33] E =65, v =0.25 (3657 m) Fresh water [32]
(Australia) g o over-thrust [34] h = Pl
. Porphyric granites G
Rhine Graben MEFK, two-mica Mixed, normal and oy =54.8 o, =29.6 E (granite) = 8.0 GPa Brine, then
(Western 2005-present Soultz 5200 [35] 200 [35] . . . - 7 ; (Hydraulic
E granites. strike-slip [25] Pp =22.5; [26] ductivi MHF—fresh water [36]
urope) Carboniferous [36] conductivity zones)
Buntsandstein _ _ _
GeneSys Hannover 2005-2013 3834 [37] 168 [37] sediments with low Normal on =77 [37] E=55,v=02lE=49, Fresh water
(Germany) permeability (Permian) v =0.23 (For clays)
MHF—fresh water or
. . . . . _ _ E =55v =0.20 (For quartz sand 20/40
Grof Schinebeck 2006-present 4100 [37] 149 Clastic and vo_l canic Normal & strike-slip G‘;_ 100, (iH =91, volcanic rocks) E = 55 mesh, cross-linked gel
(Germany) p Rock (Permian) (Moeck [38] o =55, Pp =44 [37] 8
Y g h s P : v = 0.18 (For sediments) with high strength in
HTU linear gel
) o, =108, oy = 143, _ _
Pohang 2010-2017 4200 [39] 140 Laminated Reverse strike-sli on =109, oy = 111, Vp = 4346, Vs = 2676 Fresh water [39]
(South Korea) Granodiorite, Permian p Ed =45 [40]
’ 0'H=126, O'h:92
upper Carboniferous oy =96 (Karkonosze
Poland ('Karkonos’ze Granite at . Mount), oy =103
Mountains, Gorzow lower Permian normal with (Gorzéw Block) oy =136
Block, The site has not yet 165 to 175 [42] 150 to low-permeable Triassic strike-slip component (Mogilno-L6d’z T:orl h); The site has not yet
Mogilno-£6d’z Y 4000 to 5700 m [41] P ’ (Western Poland) [43] & ugh); Y
sediments [42] Permian oy = 120 (Szczecin been fractured

Trough, Szczecin
Trough, Upper
Silesian Block

been fractured

170 [41]

or Carboniferous
sediments (Sowiz'dz'at
etal., 2021)

strike-slip (Upper
Silesian Block)

Trough); oy = 120 (Upper
Silesian Block).
(Jarosi “‘nski et al., 2005)
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3. Theory and Method

The procedure for developing a fracability index model using a combination of elastic
parameters, fracture toughness based-BI, Mode-I, and Mode-II fracture toughness, and
in-situ stress is described below (Figure 2).

Conventional & Improved Fracability Index
advance logging data I Model

v v

Logs normalization

P Field Case Studies
and averaging

v v

Petrophysical parameters HF in Geothermal
estimation reservoirs

v v

Mechanical parameters HF in Shale
estimation reservoirs

v v

Implication to FI
Model to HF

Analytical hierarchy
processes

Results and Discussion

Figure 2. Proposed workflow to develop fracability index model.

3.1. Rock Fracability Influencing Factors

HF in geothermal and shale reservoirs is influenced by various factors, including
rock strength, brittleness, stresses, fracture toughness, confining pressure, temperature,
presence of brittle minerals, and hydrogeological as well as petrographic parameters. We
have identified the following factors as being the most relevant and critical based on our
literature review [18,22,29,44-46].

3.1.1. Fracture Toughness

Fractures more easily originate in rocks with a high BI [6]. However, fractures must be
able to grow and propagate in order to provide effective fluid flow pathways. According
to Zhang et al. [47], the stress intensity factor at the fracture tip reaches a critical value for
fracture growth. Fracture toughness is the measure of this critical value that represents
a rock’s ability to resist fracture in the presence of a crack. There are three categories of
fracture toughness: Mode-I (KIC), Mode-II (KIIC), and Mode-III (KIIIC) fractures. Mode-I
and Mode-II fracture toughness generally dominate fracturing. Therefore, we use KIC to
characterize rock’s ability to resist fracturing under tensile stress.
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Jin et al. [48] show a linear relationship between fracture toughness and confining
pressure (R? = 0.99) utilizing fracture toughness tests.

Kic = 0.2176P. + K¢ (1)
Jin et al. [48] analyzed fracture toughness as a function of the tensile strength (Equation (2)).
Kjc = 0.005907 4 0.092307 + 0.5170; — 0.3322 )

It is, therefore, possible to express Mode-I and Mode-II fracture toughness in terms of
confining pressure and tensile strength (Equations (3) and (4)):

Kjc = 0.2176P; + 0.005907 + 0.092307 + 0.51707 — 0.3322 (3)
Kjic = 0.0466P. + 0.16740; — 0.1851 (4)

3.1.2. Brittleness Index

The brittleness of the formation is considered an important factor when evaluating the
rock rupture capacities [49]. Fractures can usually be formed in formation with high BI,
which is sensitive to fracture extension, leading to an extensive fracture network.

Researchers have developed more than twenty distinct brittleness indices based on
different methodologies and a diverse spectrum of rock characteristics [6]. The BI model,
based on the correlation between fracture toughness and confining pressure, was used in
this study [50]. The empirical relationship is shown in Equation (5).

BIRickman _ BIR[cknmn
Kic Kic min

BI = 5)
( BIRickman ) _ ( BIRickmlm )
Kic max Kic min
Equation (5) can be written as,
BIRickmrm S BIRickman _
0.2176 P, +K[C 0.2176PC+K1C ,
BI = e (6)

BIRickmrm _ _ BIRickman _
02176Pc+Kjc ) 02176Pc+Kjc )

where K, = 0.005907 + 0.092307 + 0.5170; — 0.3322, BlRicman = B2 As shown in
Equation (6), Bl is calculated by taking into account Young’s modulus BI (Ep;), Poisson’s
ratio BI (vp;), tensile strength (¢;) confining pressure (F;), and fracture toughness (Kjc).

3.1.3. Minimum Horizontal In-Situ Stress

It is widely recognized that in-situ stresses directly affect hydraulic fracture propaga-
tion. Therefore, identifying in-situ stresses is essential for hydraulic fracturing operations
design. The minimum horizontal stress (¢7,uax) can be used to determine whether the
initiated fracture will propagate vertically or horizontally to subsequent layers or zones.

The 07,uax was estimated using Equation (7), as proposed by Waters et al. [51], which
requires the values of Poisson’s ratio (v), Biot’s coefficient («), pore pressure (P,), Young’s
modulus (E), and tectonic strain (€j,;;,,,) in the direction of maximum horizontal stress. The
magnitude of the maximum horizontal stress was derived from the literature [52].

% 1-20 %
Ohmin = (1_0> X 0y + < - ) X aPp + (1_02) X E€pmax 7)

where 0, = [ p(z) x gd. is overburden or vertical stress, p(z) is the bulk density of the
rock samples (kg/m?) at depth z. The parameters g and d, represent the gravitational
acceleration (9.81 m/s?) and depth in meters, respectively.
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3.1.4. Temperature

Mineral decomposition at low temperatures in carbonate rocks decreases rock
strength [53,54]. Earlier studies have revealed that chemical activities can also contribute to
the reduction of rock strength. For example, in limestone, which is composed primarily
of CaCQO3, a decrease in strength can also be attributed to the breakdown and emission of
CO,. Figure 3 shows that the limestone’s uniaxial compressive strength (UCS) decreases
with an increase in temperature.

160
140 ‘\\
= 120 ~

/

20 ——@-— Limestone

0 T

0 50 100 150 200
Temperature (C)

Figure 3. The effect of temperature on uniaxial compressive strength (UCS) in carbonate sedimentary
rocks (modified after Piniriska, [53]).

3.1.5. Other Influencing Factors

Cohesion, clay minerals, internal friction angle, fracture width, and natural fractures
are other factors that influence rock’s fracability. However, fracture toughness may provide
a complete understanding of fracability rather than cohesion. Moreover, the internal
friction angle is comparable to the brittleness index [1]. Previous research has shown that
fracability of the reservoir improves as the natural fracture develops [55,56]. However,
natural fractures are randomly distributed in the reservoir, making it difficult to characterize
natural fractures properly [6,57]. Therefore, we ignore the abovementioned factors in the
quantitative evaluation of rock fracability.

3.2. Quantification of Analytical Hierarchy-Based FI Model

The rocks with high BI and brittle minerals content (BMC) are generally easier to
fracture [58]. In contrast, the lower the fracture toughness and temperature, the easier it is
to induce fractures and embed proppants. In addition, the lower the minimum horizontal
in-situ stress, the larger the fracture growth and fracture height confinement [59]. The
hierarchical framework is designed based on the relationship between the influencing
factors and the rock fracability (Figure 4).

Developing a hierarchical structural model before employing the analytic hierarchy
approach to examine a problem is essential. The judgment matrix A = (a;;) represents the
pairwise comparison of factors based on expert subjective experience and judgment. As
listed in Table 2, a numerical scale of 1-9 can describe the comparison between the factors.

The factors are compared pairwise, and the judgment matrix A can be generated, as
shown in Table 3.
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After determining the judgment matrix, the sum—product approach is employed to ob-
tain the largest eigenvalue. The associated eigenvector of the judgment matrix Equation (8)
determines the weight assigned to each fracability-influencing factor.

. i
wi:#, (i=1,23,...n) ®)

where the number a;; represents the magnitude of factors in the matrix.

Goal

Fracability Index Model for Enhanced Geothermal Reservoir Potential Evaluation

l Criteria l

Petrophysical Properties Mechanical Properties

,,,,,, 4L|+Sub-Criteria¢li<

ssauySno |, a1moel,]
ssang
[BIUOZLIOH WNWIULIA

Negative Influencing Positive Influencing Negative Influcncing Negative Influencing Positive Influcncing
Factors Factors Factors Factors Factors

Figure 4. The hierarchical framework of the variables influencing the fracability of rock.

Table 2. Factor contribution numerical scales based on experience and judgment.

Numerical Scale Description
1 i and j equally contribute to the factors
3 i and j are slightly more important
5 i and j are more important
7 i and j are strongly important
9 i and j are extremely important

values indicate an intermediate level of significance

2,4, 6,8 Final preparation analyze the two targets in reverse order

Table 3. Judgment matrix A = of the influencing factors.

o Brittleness Brittle Mineral Fracture Min. Horizontal Temperature
Y Index Content Toughness Stress P
Brittleness index 1.00 2.00 3.00 5.00 7.00
Brittle mineral content 0.50 1.00 2.00 3.00 4.00
Fracture toughness 0.33 0.50 1.00 2.00 3.00
Min. horizontal stress 0.25 0.14 0.33 1.00 2.00
Temperature 0.15 0.12 0.28 0.50 1.00

It is worth noting that the units, dimensions, and numerical ranges of these influenc-
ing factors differ, and direct comparisons are difficult. Therefore, each variable should be
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normalized in order to perform a proper assessment of shale fracability. Several authors
have reported that the higher the BI and brittle mineral content in shale, the higher the
fracability, i.e., directly proportional to the fracability [6,59]. On the other hand, lower frac-
ture toughness values and minimum horizontal in-situ stress imply higher shale fracability,
which is negatively correlated with fracability.

The positive and negative indices are normalized as:

X — Z — Zyin

Z —Z
= max (9)
Zmax — Zmin

for positive factors, X; = 7 for negative factors

max — “min
where ’X]-’ is the standardized value of the variables, Z is the variable’s value, Z,x and Z,,,;,,
is the maximum and minimum value of the variables, respectively. The normalized factor
X; (j=1, 2,3, 4,5) is based on the brittleness index, brittle mineral content, fracture
toughness, minimum horizontal stress, and temperature, respectively.

Analytical hierarchy is a method of making decisions that utilizes subjective evalua-
tions to determine the relative importance of influencing factors. The analytical hierarchy
method entails comparing and scaling the significance of the five factors with respect to
fracability, i.e., determining the significance scale 4;; of one factor in comparison to another.
To estimate the weight of each influencing factor, a matrix (a;;) of its scales is constructed
using Equation (8). Based on the parametric evaluation conducted from the majority of
existing studies and the above analysis of factors influencing fracability in the scale matrix,
brittleness is considered to be the most significant influencing factor on the fracability of
rock. It is followed by fracture toughness, brittle mineral contents, minimum horizontal
stress, and temperature.

Based on the relationship between the rock’s fracability and influencing factors, we
suggest an improved fracability index (Flj;,,) evaluation model by incorporating the influ-
ence of multiple factors (Equation (10)). This model has been applied to geothermal wells
to quantify the effects of hydraulic fracturing stimulation on geothermal productivity.

(@) _ym (1) 5 (1)
FIinlw = L= le X (10)

where FI i(;z)p reflects the shale fracability of the ith set and can be defined as the improved

fracability index, w](-i) describes the weight given to the influencing factor, i.e., Bl, brittle
minerals content, Kic, and minimum horizontal stress, and x](i) for the normalized value of
each influencing factor. The positive and negative indicators are averaged after the extreme

value transformation. The optimal value of the indicator is 1, and the adverse value is 0.

3.3. Workflow for Seismic Prediction of FI with Multi-Layer Linear Calculator

Seismic data inversion was performed with a neural network that builds a relationship
between a known label of an input well and seismic data during training. Multi-layer linear
calculators (MLLC) model composed of multiple linear notes and domain gates can be used
to divide the nonlinear projection relationship between well-log model parameters and
seismic attributes (Equations (11) and (12)) [60]. Each layer’s output weight is controlled
by its domain gate. The output ‘y” is calculated using an MLLC inversion model for input
value ‘x” (seismic characteristics) [61]. Figure 5 illustrates the workflow and structure of
the MLLC algorithm for establishing a nonlinear projection relationship with well-log FI
models and seismic attributes.

y =f<i xiwf+b> (11)
i=1

1
1+ exp(— (g xiwi + b))

f (12)
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Figure 5. (a) The workflow for seismic prediction of FL (b) Structure of multi-layer linear calculator
neural network.

4. Results and Discussion
4.1. Fracability Index Classification

Fracability index values determine how easy it is to generate hydraulic fractures.
Typically, a hydraulic fracturing expert defines a fracability index cutoff value by comparing
the results from geological interpretation as well as logging and production data. The
cutoff values for the fracability index represent the rock intervals where hydraulic fractures
are more easily developed. The rock with a fracability index less than the cutoff value is
generally referred to as a fracture barrier. In comparison, the rock with a fracability index
greater than the cutoff value is regarded as a more fracable interval. Wu et al. [12] proposed
a fracability index cutoff value of 0.598. Later, Sui et al. [62] and Ibrahim et al. [63] modified
the fracability index cutoff value and suggested that rock intervals greater than 0.45 are
more fracable.

The fracability of the geothermal and shale reservoirs at each point in the vertical
long section is determined by substituting the values from Equations (8) and (9) into
Equation (10) and establishing the relationship between Young’s modulus and Poisson’s
ratio with improved FI. We divide the rock’s fracability into three levels based on the
above cutoff values proposed by the previous authors and the crossplots between Young'’s
modulus and Poisson’s ratio with improved FI and fracture density (determined from
FMI logs). We further classified the improved FI between 0.39 and 0.49 for less brittle,
greater than 0.59 for highly brittle, and lower than 0.29 for ductile (Figure 6, shown with
dotted lines).

4.2. Hydraulic Fracturing in Geothermal Reservoirs

The study area for geothermal reservoirs is located in the northeastern part of the
Zhuangxi—Gudong buried-hill belt in Zhanhua Sag, China [64]. It is composed of a large
buried-hill anticline structure that developed during the Paleozoic period. Limestone and
dolomite dominate the lithology, with a high-angle fracture network. The oolitic limestone
of the Zhangxia Formation is well-developed, with many high-angle fractures and few
low-angle fractures [57]. A buried-hill structure is comprised primarily of limestone and
dolomite (Paleozoic), both of which possess substantial geothermal potential. The historical
tectonic period was also characterized by the development of karsts, which provided an
appropriate location for storing hot water. The geothermal reservoir’s burial depth in the
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study area ranges between 2000 m and 5000 m. Xing et al. [65] performed a linear fit on
the temperature and depth data to determine the geothermal gradient. The data show a
consistent gradient ranging from 27.4 °C/km to 39.7 °C/km, with an average of 34.7 °C/km.
Geothermal reservoirs in the study area have temperatures greater than 140 degrees, which
are classified as middle-low temperature geothermal reservoirs compared to those in
Germany (see Table 1).
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Figure 6. Classification of fracability index in low permeability reservoirs.

Several abandoned oil and gas wells from the northeast China oil field have been
analyzed to assess the prospects of low permeable carbonate geothermal reservoirs. The
fracability of the geothermal reservoir in Well-1 is generally good except below 4600 m
(Figure 7). In this section (42004580 m), the fracability is greater than 0.59. This is an
excellent reservoir section capable of forming a complex fracture network system during
hydraulic fracturing for EGS. From Figure 7, the rock is characterized by high value,
e.g., FI > 0.59, where it is easier to generate complex fracture networks. In other words,
the efficiency of energy transmission should be improved. A similar trend can also be
observed with elastic parameters such as Young’s modulus and Poisson’s ratio. However,
the fracability below 4600 m is moderate. An improved fracture network may be achieved
by varying the displacement and viscosity of the fracturing fluid during fracturing. Low
porosity and permeability values exist in the high FI zones (4200—4580 m), which indicates
high-temperature reservoirs [66].

In Well-3, geothermal reservoirs also exhibit high fracability (e.g., FI > 0.60) throughout
the reservoir section, except the upper part of the reservoir, where FI is less than 0.40
(Figure 8). Furthermore, it can form a complex fracture network during hydraulic fracturing
for EGS due to its good reservoir characteristics in the middle part. The elastic parameters,
such as Poisson’s ratio and Young’s modulus, are consistent with the FI. Comparatively,
fracability below 3340 m is relatively low (e.g., FI < 0.60). Porosity and permeability are
low in FI zones, indicating high temperatures [66].
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Figure 7. Logging curve of a vertical section of geothermal reservoir in Well-1.

4.3. Hydraulic Fracturing in Shale Gas Well

A shale gas horizontal well in the Sichuan basin in China was used as an example
to test the reliability of the improved fracability index model using well-logs data [1,6].
Fracability of horizontal shale gas well is generally favorable, particularly between 2490 to
2520 m and 2410 to 2460 m. These high-quality reservoir sections were easy to fracture into
a complex fracture network system (HF column, shown in red). The improved fracability
index model demonstrates high-quality reservoir sections along the hydraulic fractured
zones, resulting in the development of a complex fracture network system (Figure 9).

4.4. Quantitative Seismic Prediction of FI

The seismic reflection data was further analyzed and transformed into the spatial
variability of fracability using the improved FI model. We applied a MLLC neural network
to predict the spatial variations of FI from seismic inversion. Figure 10 shows the results
of applying the MLLC neural network inversion approach to post-stack seismic data. The
inverted FI profile over Well-1, Well-2, Well-3, and Well-4 indicates that the Paleozoic
formation above Well-3 and Well-4 is ductile and difficult to fracture during EGS. The FI
on the top of the Paleozoic formation in the low section around Well-1 and Well-2 tends
to be more brittle (FI > 0.6) and to fracture more easily during hydraulic fracturing for
EGS (Figure 10, shown with an arrow). The middle part of the Paleozoic is less brittle
(e.g., 0.5 > FI > 0.2) but has considerable lateral connectivity. According to our results, the
top portion of the Paleozoic formation has a high FI and correlates to a zone with more
fracability and EGS prospectivity. Furthermore, the FI seismic inversion profile correlates
well with the fracability index obtained from well logs; for instance, Well-3 (Figure 8) has a
low FI, which corresponds to a low fracability in the seismic inversion profile (Figure 10).
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Figure 9. Logging curve of a horizontal section of shale gas well. The red box in column 2 indicates

the hydraulic fracturing zone.

4.5. Analysis of Hydraulic Fracturing

The complexity of fractures generated in the reservoir is an essential component of

hydraulic fracturing [67]. The fracture complexity was classified by Warpinski et al. [68]
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into four categories: (a) simple planar fracture, (b) multiple complex fracture, (c) complex
fracture with pre-existing open fractures, and (d) complex fracture network. Yasin et al. [1]
coupled the fracability index to fracture complexity for a better understanding of the
fracture propagation behavior of hydraulic fractures in rocks (Figure 11). It is shown
that injecting fracturing fluid into the rock creates a complex fracture network when the
fracability index is higher than 0.48. Subsequently, if the fracability index is between 0.32
and 0.48, the fracturing fluid injection will produce complex multiple fractures with the
crack opening. However, it is important to utilize a fracturing fluid with lower viscosity
or maintain a higher pressure in the fracture during hydraulic fracturing to develop a
complex fracture network. If the fracability index is less than 0.32, the injected fracturing
fluid will generate a simple or complex fracture. However, the fractures are easily closed
after hydraulic fracturing, implying a poor reservoir. The improved fracability index values
derived for the geothermal reservoir and shale gas formation indicate a complex fracture
network, and the reservoirs act as brittle.

lnline'ul 1732 1733 1734 1735 1736 1737 1738 1739 1740 1741 1742 1743 1744 1746 1748 1750 1752 1754 1756 1762 1768 1774 1780 1786 1792 1798 1804

2500-
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Figure 10. FI model seismic inversion profile across wells in the study area.
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Figure 11. The improved fracability index to fracture complexity (modified after Yasin et al. [1]).
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5. Conclusions

e  Rock fracability in HDR is primarily controlled by the temperature, brittleness index,
brittle mineral composition, fracture toughness, and the magnitude of stresses. The
analytical hierarchy process was used to develop a continuous fracability evaluation
mathematical model by integrating qualitative and quantitative approaches. The
model quantifies the strength of low permeability carbonate geothermal reservoirs
and horizontal sections of shale fracability.

e  The improved fracability index model demonstrates a high-quality geothermal reser-
voir section along low permeability zones and can be utilized confidently to generate
a complex fracture network system during hydraulic fracturing for EGS. Seismic in-
version profiles indicate high FI and brittle behavior on top of the Paleozoic formation
in the low parts of Well-1 and Well-2. Meanwhile, the top of the Paleozoic formation
around Well-3 and Well-4 is ductile and difficult to fracture during hydraulic fracturing
for EGS.

e  The field case study for low permeability geothermal reservoirs shows that the carbon-
ate rocks are prone to fracture and have high heat and flow exchange efficiency. The
rock has the highest potential for EGS.

e  The study took into account a wide range of geomechanical and petrophysical prop-
erties as well as temperature effects to quantify rock fracability. Still, it has some
limitations that need improvement in future studies. Furthermore, acid dissolution,
pore structure, and fluid type can enhance geothermal rock permeability in addition to
its geomechanical properties. This is especially true of carbonate reservoir exploration
since it is an incredibly effective method to fracture the reservoirs.

e  We believe that the improved fracability index and case studies will serve as practical ex-
amples for future research in similar areas, particularly in carbonate geothermal reservoirs.
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