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Abstract

With the continuous decline in conventional petroleum assets, the exploitation of
unconventional energy resources is currently playing a significant role in meeting energy
demands. However, due to the finite nature of fossil fuels and environmental concerns,
renewable energy resources are inevitable to fulfill increasing energy trends. The exploitation
of geothermal energy resources has captivated extensive attention due to its unique features like
being stable, efficient, clean, and independent of the weather. Hydraulic fracturing is usually
required to create artificial flow channels in tight formations. Yet, the application of multiple
hydraulic fracturing through a horizontal well in enhanced geothermal systems (EGSs) is still
in the early stage of development. At present, many of the deep geothermal energy projects
allow us to get a better understanding of deep geothermal energy exploitation. However, many
issues need to be solved for optimizing geothermal energy recovery using multiple hydraulic

fractures.

In this dissertation, a workflow is established for EGS exploitation based on the concrete
physical performance of the multi-fracture system in a horizontal well. The state-of-the-art
software FLAC3DP""s and TOUGH2MP-TMVOC are used to develop a coupled thermo-hydro-
mechanical (THM) fictive model for constructing multi-fracture schemes and estimating heat
extraction performance. By incorporating the actual fracture geometry of newly created
subsequent fracture under the influence of stress shadow, cubic law is implemented for fluid
flow and geothermal energy production. In addition, energy calculations are performed using a
single production well that passes through the center of the created fractures to ensure flow
contribution through each fracture in the best economical way. The fictive model studies depict
that stress shadow superposition affects the subsequent fracture width based on fracture
spacing, which ultimately plays a significant role in geothermal energy production through

multiple fractures.

After developing the heat production mechanism through multi-well multi-fracture system, a
case study is performed for the MHH-GeneSys region in the North German Basin that integrates
the production of heat and electricity using the wellbore data of the GeneSys EGS project. By
verifying the generated model through history matching, massive multiple hydraulic fractures
are created while incorporating stress superposition effects with different fracture spacing to
acquire larger stimulated reservoir volume. It is observed that stress shadow superposition
enlarges in massive multiple fracturing, and its impact on individual fracture geometry

increases with lower fracture spacing. Furthermore, during sequential fracturing, the newly



created successive fracture’s configuration is highly dependent on the previous one.
Subsequently, different heat and electricity generation scenarios are analyzed by performing
sensitivity analysis through numerous simulations with other parameters such as flow rate and
injection/production well spacing. The results show that the influence of flow rate on energy
depletion fractured areas is significant under the proposed well arrangement. In other words,
high flow rates provide higher energy production results with improved energy aerial sweep
efficiency. Furthermore, insufficient well spacing can cause an earlier thermal breakthrough by
which larger stimulated fractured volume can be left un-drained. The optimized installed power
capacity of the one side of the proposed EGS declines from 7.17 MW to 5.08 MW for 144 L/s
in a 12-fracture pattern during 30-years, which satisfies the commercial requirement. A
comprehensive economic analysis is performed by adopting different cost factors for various
surface and subsurface operations. From optimized energy production results, the levelized cost
of electricity (LCOE) is estimated at 5.46 c$/kWh, which is substantially economical compared
to Germany’s current electricity prices; thus, indicating considerable development potential
from an economic perspective. In addition, the generated power potential can be doubled by
creating similar fractures to the opposite side using the same injection well.

An innovative concept of regenerative EGS is proposed further that integrates heat and
electricity production as well as storage of surplus renewable energy. The energy-depleted
massive multi-fractured EGS has been analyzed to efficiently store surplus wind or solar energy
and extend the project’s life. Numerous simulations are performed using energy
storage/recovery cycles for different time durations. The results show that high energy recovery
can be achieved by performing continuous cycles with shorter periods. Furthermore, the
formation temperature increases with the number of cycles. Consequently, a regenerative EGS
could be established in reality compared to standard EGS projects. This regenerative EGS
concept can be applied in existing EGS fields as well to make surplus energy usable and keep
a geothermal reservoir much renewable by reducing the reservoir temperature reduction rate.
In addition, any salt scaling/crystallization in vertical and horizontal sections of wells can be
removed using water with high injection pressure and temperature during the energy storage

phase.
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1. Introduction

1 Introduction

1.1  Motivation and objectives

The economy and the world’s population have resulted in an enormous demand for energy.
Since the beginning of the 21% century, the total energy consumption has increased to 60 %. By
the end of 2019, it has reached 581.1 exajoules (1 EJ = 10* J), an increment of more than three
times during the last fifty years. The increase in energy demand between 2010-2019 is shown
in Figure 1.1. The highest consumption was recorded for Asia Pacific, North America, Europe,
CIS (Commonwealth of Independent States), Middle East, South & Central America, and
Africa. However, due to the Covid-19 pandemic in 2020, the world’s energy consumption has
declined to 4.5 %, the most significant decline ever recorded since World War 1l. Due to the
imposition of lockdowns and limited transportation, the drop in oil consumption has been
recorded around three-quarters of the total decline in energy demand. Nevertheless, the energy
demand is expected to rebound by 4.6 % in 2021-22 11,
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Figure 1.1 World energy consumption by region 2

Due to the continuous decline in conventional petroleum resources, unconventional energy
resources are currently playing an important role in meeting energy demands. In fact, from a
broader spectrum, fossil fuels are still contributing a significant share in the total energy supply
(Figure 1.2). However, fossil fuels are finite and non-renewable. Once fossil fuels have been
produced through natural processes, it takes a long time to replenish them compared to the
current consumption rate. In addition, these fuels are creating momentous complications for

human health and the global climate.
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Figure 1.2 World energy supply by source ]

In the United States, most of the electricity is generated from coal, causing severe industrial
pollution. In 2020, coal demand dropped by 220 million tons of coal equivalent (4 %), wherein
the advanced economies accounted for more than half of coal’s global decline. However, there
is still a long way to squeeze out coal from the power sector. According to a survey, burning
fossil fuels is responsible for about three-quarters of greenhouse gas emissions globally ™I,
China is currently the world’s largest energy consumer and accounts for one-third of global
COz emissions. However, the Chinese government aims to achieve a CO; emissions peak before
2030 and attain carbon neutrality before 2060 I,

The power, transport, and thermal sectors consume most of the energy each year. It has been
recorded that 41% of CO. emissions come from the power sector, while the transport and
industrial sectors contribute about 42% [61. These carbon emissions trap solar energy in the
atmosphere, raising global temperature. Moreover, extreme weather patterns, adverse effects
on food cultivation seasons, severe droughts of water supply, and increasing sea levels are the
outcomes of carbon emissions. Therefore, there is an immense need to shift towards zero or
low-carbon emission energy sources like renewable technologies.

The energy from natural resources like sun, wind, hydro, and thermal from the earth’s crust is
categorized as renewable energy. It can replenish itself over a while without exhausting the
earth’s capital. Renewable energies emit no or low greenhouse gases and air pollutants, which
are beneficial for the climate and human health. Promisingly, a tremendous increase in
renewable energy generation has been recorded during the last decade (Figure 1.3). In 2020,

despite a fall in overall energy demand, energy generation from renewables (excluding

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
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hydroelectricity) recorded its largest-ever increase to 358 TWh. More than 65 % of renewable
energy from the Asia Pacific region has been contributed from China, with roughly half of the
global rise in wind and solar capacity 2. Moreover, China, the European Union, and the United
States expect to generate 900 TWh, 580 TWh, and 550 TWh from solar PV and wind in 2021,
respectively M. Figure 1.4 shows the share of electricity that has been produced from renewable
technologies in 2020 throughout the world, which portrays that renewables tend to have a

sufficient stake in the total electricity mix.
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The primary renewable energy resources such as wind, solar, biomass, and geothermal have
acted as suitable alternatives for fossil fuels . Nevertheless, the exploitation of geothermal
energy resources has captivated extensive attention due to its unique features like being stable,
sustainable, clean, and independent of the weather. In addition, it is available for production for
maximum working hours compared to other energy resources. Earth is considered to be a
tremendous thermal energy resource. The hot molten core and decay of radioactive minerals
are primary heat sources. Besides, the earth crust is a strong absorber of the sun’s energy and
acts as a solar heat accumulator [,

The direct utilization of geothermal energy for washing, bathing, cooking, and therapeutic
purposes was adopted hundreds of years ago. The first district heating system was installed in
France during the fourteenth century, and the first deep well was drilled in Iceland in 1755 101,
Hot dry rock (HDR) resources with ultra-low porosity and permeability have been exploited
through well stimulation techniques and termed enhanced geothermal systems (EGSs) 1Y
(Figure 1.5). In EGS, cold fluid is injected through the injection well, and heated fluid is
produced from the production well 21, Within the depth of 10 km, more than 13 million
exajoules (1 EJ = 10 J) EGS resources have been estimated in the United States, of which 0.2
million EJ can be exploited through current technologies 3.

Similar to the petroleum industry, especially hydrocarbon production through unconventional
reservoirs having too small permeability to achieve economic flow rates, reservoir stimulation
is also a key technology for HDR development. Different approaches have been developed to
enhance the well flow rate through tight formations, including hydraulic fracturing, thermally
induced fracturing, and chemical stimulation [*16]. However, EGSs have been established
worldwide by applying hydraulic fracturing with different success rates such as Fenton Hill in
New Mexico, Soultz in France, Hijiori in Japan, Paralana in Australia compared with other
stimulation methods 1. In hydraulic fracturing, artificial fractures are created by injecting fluid
with high pressure, and fractures are kept open with solid proppants’ support. Nevertheless,
highly viscous gel and proppants have rarely been used in geothermal field operations [*8l,
With the rapid developments in petroleum technologies, drilling a horizontal well over 1000 m
deep is possible. Multi-stage fracturing through a horizontal well is preferable to acquiring
larger stimulated reservoir volume (SRV) for geothermal exploitation. However, individual
fracture configuration mainly depends on fracture spacing and orientation of in-situ stresses.
Longitudinal and transverse fractures can be obtained by selecting horizontal well trajectories

in maximum and minimum in-situ stress direction, respectively (Figure 1.6).
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Currently, many of the conceptual and real EGSs are vertical or sub-vertical, while production
performances of horizontal wells are hardly reported. The horizontal well drilling in hard and
deep high-temperature formations is a challenging task that involves higher operational costs.
In addition, suitable configurations of multiple fractures in connection with preferable flowing
paths, maintaining the thermal lifetime of the project with economic fluid production rates and
low pumping pressure requirement, are significant issues . However, by combining EGS
with horizontal well and multiple hydraulic fractures, many advantages can be obtained:
improved well connectivity in tight HDR, adequate SRV, and increased circulation rate with

enhanced sweep efficiency.

Therefore, it is imperative to examine and enhance the performance of EGSs using advanced
technologies such as multiple hydraulic fracturing through horizontal well, and addressing the
related technical issues. In this study, numerical modeling has been conducted to investigate
the heat extraction performance of EGSs through multiple hydraulic fractures considering
coupled Thermal (T), Hydraulic (H), and Mechanical (M) effects. Moreover, the depleted
fractured system has been studied to store surplus renewable energy to extend the EGS project’s
life.

1.2 Thesis outline

This thesis focuses on the application potential of massive multiple hydraulic fracturing under
the influence of stress shadow in EGS to obtain large SRV for heat and electricity generation.
In addition, the storage of surplus energy in depleted EGS has also been investigated. The

research contents of the thesis are presented in Figure 1.7.
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Figure 1.7 Research contents and flow chart of the thesis

In chapter 2, the theoretical background of geothermal reservoirs, their types, use of different
geothermal power plants for heat and electricity production, and significant worldwide EGS
sites have been briefly discussed. Afterward, governing equations corresponding to geo-
processes during stimulation operation are presented. In addition, a comprehensive review of
the mathematical models for hydraulic fracturing has been described. Moreover, multistage
fracture placement designs and the impacts of stress shadow on fracture configuration are
highlighted.

Chapter 3 presents the numerical study performed for geothermal energy production from
multiple fractures using a fictive model. Based on the developed powerful simulator
FLAC3DP"“, fractures are created sequentially through a horizontal well considering stress
superposition effects. Subsequently, the fracturing results are imported to the developed
simulator TOUGH2MP-TMVOC for energy production. Several recommendations to enhance
heat production have been proposed after considering stress shadow effects, fracture spacing,

and stimulated fracture areas.

A case study using the field data of the GeneSys-EGS project has been performed after
developing the computing scheme during numerical modeling for geothermal energy
exploitation, in chapter 4. The generated model has been verified firstly using bottom hole
pressure (BHP) history matching. Massive multiple fracturing operations considering different
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fracture spacing with stress shadow have been conducted, and based on fracturing results, a
suitable multiple fracture scheme for geothermal exploitation is selected. The initial energy
production results suggested the need for energy production optimization. Therefore, different
optimization scenarios have been studied, and enhanced energy production results have been
obtained. In addition, a comprehensive economic analysis has been presented by adopting
various cost factors, and the levelized cost of electricity has been compared with Germany’s

current electricity price.

In chapter 5, an innovative concept of regenerative EGS is proposed further to integrate heat
and electricity production as well as storage of surplus renewable energy. This concept can
make surplus energy usable and keep a geothermal reservoir much renewable by reducing the
reservoir temperature reduction rate. In addition, any salt scaling/crystallization in vertical and
horizontal sections of wells could be removed using water with high injection pressure and
temperature during the energy storage phase. After performing various energy storage/recovery
scenarios based on different periods, suitable strategies for surplus energy storage and
production during times of shortage have been proposed concerning the investment perspective.
The results depict that together with energy storage, an EGS project can be made regenerative

in reality.
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2  Fundamentals of geothermal reservoirs and hydraulic
fracturing

2.1  Geothermal reservoirs

A geothermal reservoir is a volume of hot rock formations through which heat can be produced
economically. The basic requirements of a geothermal system include a significant amount of
heat, hot fluid, and fluid flow permeability. Geothermal energy is considered one of the most
reliable renewable energy sources because of its stability and weather independence. It evolves
due to two sources; (a) transfer of energy from the hot molten core to the exterior of the earth
(b) decay of the radio-active elements '°1. The major radio-active elements that increase the
earth’s temperature are uranium-238, uranium-235, thorium-232, and potassium-40. It has been
estimated that the earth’s internal energy flows at a rate of 44.2 TW and is restored by the
radioactive decay of the minerals at a rate of 30 TW 221, The interior of the earth has a
temperature above 5000 K 2?1 and is considered to be a huge source of geothermal energy 2
(Figure 2.1). An enormous amount of heat energy exists within the earth, but the exact
calculation of earth energy varies widely due to different calculation procedures ©!. The
tentative estimates suggest that the accumulated heat is about 12.6 x 10%* MJ [°1, While, WEC-
2013 estimated the amount about 540 x 107 EJ (1 Exajoule = 1 x 10'8J). Moreover, it has been
predicted that the exploitation of only 1% of geothermal energy is enough to accomplish the
global energy demand at a constant consumption rate for 2800 years [,

Generally, a rise in temperature with increase in depth is observed due to heat flow from the
much hotter mantle. The temperature gradient ranges between 25 to 30 °C/km near the surface
throughout the world. Therefore, a geothermal system can exist in a region with a normal or
slightly above average temperature gradient. In addition, the feasibility of higher temperature
rises in areas along tectonic plate boundaries and volcanic regions, where seismicity has
transported hot material from the earth’s interior. In the UK, the average geothermal gradient
is 26 °C/km. In contrast, more than 50 °C has been found in southern Australia, signifying one
of the most suitable locations for geothermal power plant installations in the world 4. The
practice of geothermal energy in the forms of hot springs and space heating has an old history
that links with ancient Paleolithic and Roman times. The geothermal heating system’s inception
took place in the 14" century from a French town named Chaudes-Aigues, while the first
commercial steam-operated turbines commenced in 1958 in New Zealand for electricity
generation [,
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Figure 2.1 Earth’s structure and geothermal gradient (modified from source:
www.mpoweruk.com/geothermal_energy)

2.1.1 Geothermal reservoir types
Conventional geothermal resources can be either in the form of hydrothermal resources or in

the form of petrothermal resources (HDR) [%51,

i Hydrothermal systems

The hydrothermal system uses underground fluids (water, steam) present in subsurface
formations with adequate permeability to produce geothermal energy. The presence of
magmatic intrusions near the earth’s crust is helpful for economic geothermal energy
developments as these encourage convective circulation of ground water. However, the exact
well location to tap the hydrothermal system at industrial levels is vital. The whole system
involves one production well and at least one re-injection well to keep the productivity and
pressure of the reservoir constant and make a geothermal system sustainable. These systems
are further classified based on phase dominance (water or vapor) and formation fluid
temperature such as hot (above 100 °C), warm (between 60 to 100 °C), and thermal (> 20 °C)
[26] \Water-dominated systems are present throughout the world, such as Olkaria in Kenya,
Wairakei in New Zealand, Yangbajing in China, Hatchobaru in Japan. In comparison, vapor-
dominated systems are pretty uncommon. Examples include Geysers in the United States,
Matsukawa in Japan, and Larderello in Italy %, Germany has an abundance of hydrothermal
systems, specifically in the regions of the North German Basin, the South German Molasse
Basin, and the Upper Rhine Garben ?71, In the North German Basin, many formations contain
sandstone strata with a thickness of 20 m, porosity > 20 %, and permeability > 250 mD, making

a reservoir suitable for geothermal use. Similarly, the Malm (karstic-dolomotic fractured
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carbonate reservoir of the upper Jurassic) in Molasse Basin has very high productivity. It has

been used for many research and development activities in Central Europe [27-28],

ii Petrothermal systems / HDR

Rather than conventional hydrothermal resources, petrothermal systems, also known as HDRs,
have a high formation temperature range (200 °C to 350 °C) but limited porosity and
permeability. The earth’s energy cannot be extracted through the natural flow of formation
fluid. These systems require excessive stimulation techniques to create underground fluid flow
channels (artificial fractures) for energy exploitation. EGS technology is deployed mainly in
HDR that uses a multi-well arrangement for fluid circulation. Cold fluid (e.g., water) is injected
through the injection well that passes through fractures and is produced from the production
well carrying the formation heat, as shown in Figure 2.2. The injection and production cycles
continue until the formation temperature depletes below the economic limit. The regions in the
world having positive temperature irregularities are valuable as high-temperature formations

can be exploited from shallow depths with lower drilling expenditures.

Petrothermal systems can also be used to produce energy by utilizing bore hole heat exchangers
(BHE’s) for various depths ranging from 300 m to 3000 m. These are closed systems with
coaxial pipes inside which fluid flow occurs, and fluid is heated by thermal conduction of the
surrounding formations. A few examples of BHE’s in operation in different parts of Germany
include Arnsberg of North Rhine-Westphalia, Prenzlau of Brandenburg, and Heubach of Hesse
261 However, hydrothermal power plants and thermal applications of geothermal energy are

established technologies, whereas EGS projects are still in the development phase.
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Figure 2.2 Schematic of an enhanced geothermal system

Concerning depth, geothermal energy has two categories: (i) shallow (ii) deep.

e Shallow geothermal energy

It refers to the energy stored in the upper layer of the earth’s crust (200 m - 300 m), where the
temperature is strongly influenced by the air temperature that further depends on the season.
However, about 15 m below the earth’s crust, the ground temperature remains constant at the
mean average annual air temperature throughout the year. Therefore, the ground temperature
remains lower and higher than the air temperature during summer and winter. Shallow
geothermal systems are used for direct heating or cooling because of the low to moderate
temperature range. Generally, ground source heat pumps (GSHP) are installed at the surface for
fluid circulation through a variable complex ground loop system (GLS). This is one of the
fastest-growing applications to utilize geothermal energy globally ?°. The GLS consists of
vertical or horizontal pipes depending on subsurface geology and conditions. Based on the
season, hot or cold fluid is circulated through a heat exchanging pipe network, as shown in

Figure 2.3.
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Figure 2.3 Schematic of ground source heat pumps for different seasons & layouts

e Deep geothermal energy

These reservoirs are present at a depth greater than 400 m; however, the distinction between
shallow and deep geothermal energy is not fixed. Deep geothermal energy is exploited majorly
through the application of hydraulic fracturing. Under this category, energy can be produced
either from hot sedimentary hydrothermal aquifers having stored hot water or from EGS after
stimulation operations. Due to the increase in geothermal gradient, deep geothermal systems
are more suitable for electricity generation, producing fluid with higher temperatures. At
present, the geothermal wells with more than 3 km depth are limited, but deep drilling for
hydrocarbon exploitation encourages the deep drilling for geothermal energy production. The
Kola superdeep borehole (KSDB-3), with a depth of 12.261 km, is considered one of the deepest
investigation wells in the whole world %,
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2.1.2 Geothermal power plants
Geothermal power plants work similarly to other thermal power plants in which heated fluid is
used to generate electricity. In vapor-dominated geothermal systems, steam can be used directly
to drive the turbine, whereas, in water-dominated system, the hot fluid needs to be flashed first
to produce steam. Since the hot fluid is converted into steam that drives a generator turbine, no
or less fuel is required for electricity generation. The condensed steam and water are collected
at the outlet and injected into the reservoir through the injection well. The type of conversion
technology in power plants mainly depends on producing fluid and its associated temperature.

Generally, geothermal power plants are divided into three categories.

e Drysteam

Dry steam is the oldest and the simplest type of geothermal power plant that uses hot steam
directly to drive the turbine, as shown in Figure 2.4 (a). This type of plant was first built at
Lardarello, Italy, in 1904 and is still used in recent years. The working temperature of the
pressurized steam is in the range of 180 °C to 350 °C, limiting its usage due to the lower number
of high-temperature hydrothermal resources in the world. However, dry steam power plants
contribute more than 40 % to geothermal electricity production in the United States B,

e Flash steam

Flash steam power plants are also known as “wet steam power plants” because hot water is
firstly converted into steam (Figure 2.4 (b)). The high-pressure hydrothermal fluid is directed
to a tank having much lower pressure that creates rapid vaporization of the produced fluid.
These vapors rotate the turbine to produce electricity. The unused and condensed water is
collected at the outlet and re-injected into the reservoir. Due to technological advancement,
steam can be generated at different working temperatures. Therefore, flash steam power plants
are categorized as single flash and multiple flash power plants. Typically, double flash systems
are 20 to 30 % more efficient than single flash systems 31, These plants can work above 182
°C and are the most common power plants.

e Binary power plant

Binary power plants are designed to produce electricity from low to intermediate temperature
reservoirs with fluid in the range of 85 °C to 175 °C B4, These power plants differ from others
due to the utilization of binary fluid (organic compound) as primary working fluid, with a lower
boiling point than produced water. The produced hot water is sent initially to a heat exchanger,
where working fluid with a low boiling point is converted into steam and rotates the turbine

(Figure 2.4 (c)). The condensed working fluid and hot brine are sent again to the heat exchanger
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to extract maximum energy, and, in the end, cold brine is re-injected into the reservoir through
the injection well. At the same time, condensed steam of working fluid is prepared for the next
cycle. The main advantages, such as; the use of binary fluid having a low boiling point for steam
conversion, high reservoir sustainability, and high reliability of operation, make this power
plant category more applicable to produce electricity, especially in countries having lack of

high-temperature geothermal resources.
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Figure 2.4 Schematic of geothermal power plant (a) dry steam (b) flash steam (c) binary
(modified from Daware [321)
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2.2  Worldwide EGS projects

The EGS concept was first implemented at the Fenton Hill site in 1974 by the Los Alamos
National Laboratory (LANL) in the US. Since then, many developed countries like the US,
Australia, and Europe have invested in researching and expanding EGS projects. The
development of the EGS is considered highly risky due to ultra-low porosity and permeability.
The US has categorized the EGS into three types: in-field EGS, near-field EGS, and greenfield
EGS, depending upon the degree of difficulty for EGS development. The early projects like
Fenton Hill, Rosemanowes, Ogachi were problematic greenfield EGS. However, the
improvements in hydraulic fracturing technology and experience of oil & gas fields have aided
a lot in recent developments of EGS, and the success rate has progressively increased. Figure
2.5 shows some critical EGS projects globally, while Table 2.1 describes some important
features of ongoing EGS projects.

Fjallbacka
landau  (Sweden)
(German)
Rosemanowes GroRRSchonebeck Qlapuq«a
(uk) —» 4— (German) (China)
Newberry (German) J
Volcano (USA) ~———, < _ RaftRiver pggsel /'f\ < Salavatli 4«
Brady’s hot — (USA) SWiss Insheim  (Turkey) AN
r~ny (USA) Soultz  (German) K
Spring Desert Peak (France) i .
KiGam Pohang
The Geysers (USA) (EREFaa

(USA)
Fenton Hill

(USA)

Habanero
(Australia)

Paralana
(Australia)

Figure 2.5 lllustration of some EGS sites in the world (modified from Lu [ and Han et al.
[351)

Table 2.1 Features of some ongoing EGS projects for electricity generation in the world 173
36]

Site name Country Geothermal Reservoir lithology Stimulation
capacity / in method
progress
(MWe)
Landau Germany 1.8 Granite Hydraulic
Bruchsal Germany 0.55 Sandstone Hydraulic
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Insheim Germany 4.8 Granite Hydraulic

GroR Germany 1 Sandstone/conglomerate Hydraulic
Schonebeck and chemical

Soultz France 1.5 Granite Hydraulic
and chemical

Desert Peak USA 1.7 Metamorphic tuff Hydraulic
and chemical

Cooper Basin  Australia 1 Hydraulic

Coso USA 240 Granite Hydraulic
and chemical

Salavatli Turkey 17 (In-progress) Chemical

Bradys hot USA 2-3 Rhyolite, metamorphic Hydraulic

spring substrate

The Geysers USA 1500 Metasandstone Explosive

Paralana Australia 3.75 Sedimentary/metamorphic ~ Hydraulic
and chemical

Newberry USA 35 (In-progress) Marl, quartz porphyry, Hydraulic

granite
Pohang South 1.5 (In-progress) Granodiorite Hydraulic
Korea
Habanero Australia 1 (40 MW Granite Hydraulic
targeted)

Raft river USA 5 Granite Hydraulic
and thermal
Qiabugia China Monzonitic granite Thermal and

hydraulic

e Fenton Hill
The first EGS effort was attempted in 1974 at Fenton Hill in the US by creating a natural tank

reservoir having 300 °C temperature at a depth between 4 to 5 km. The site was located at the
edge of the Valles Caldera in north-central New Mexico and was selected due to its high
temperature and rock characteristics B7. The project was initiated by LANL and divided into
two phases with deep drilling of two wells during different periods to test the geothermal
capacity using a binary cycle power generation system. The project lasted for 21 years due to
low capacity and economic constraints. The results showed that heat could be produced from
the low-permeable hot formation by creating fractures with hydraulic fracturing technology;
however, forming the connection between wells was crucial. In addition, results proposed the
development of high-temperature downhole equipment to achieve precise information of

subsurface stresses, pressure, and temperature 171,
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e Rosemanowes

In 1977, the Camborne School of Mines initiated an experimental EGS project at Rosemanowes
Quarry UK funded by the Department of Energy and the Commission of the European
Communities. The intention was to perform large-scale experiments and address the stimulation
issues for adequate fracture networks. The estimated power potential was approximately 3 GWe
due to hot granite formations. The project continued in several phases and ceased to operate in

1991 due to excess fluid leak-off and inability to acquire the expected geothermal capacity
38]

e Hijiori

Hijiori’s HDR project in Japan was carried out by NEDO (New Energy and Industrial
Technology Development Organization) in the 1980s by utilizing the experience of the Fenton-
Hill project due to similar geological conditions. This project provided new aspects of
knowledge and concepts that contributed to international HDR development. The project was
divided into two stages depending on the heat extraction area. One injector (named as SKG-2)
and three producers (named as HDR-1, HDR-2, HDR-3) were drilled at a shallow depth of
about 1800 m, while the distance between the wells was within several tens of meters. Hydraulic
fracturing operation was performed during each developmental stage; however, the project
faced the severe problem of fluid loss due to the presence of natural fissures. The Hijiori project
highlighted the importance of understanding the natural fracture system by mapping the
acoustic emission during stimulation job, which can predict the orientation and growth of

stimulated fractures and help establish a better well connection 71,

e Basel

Basel EGS has been known as failed geothermal project due to the severe issue of induced
seismicity. This EGS site was located in Basel, the third-largest city in Switzerland, having
more than 70,000 inhabitants. Despite a history of natural seismic activity (the highest of about
6.7 magnitude earthquake in 1356 in this area %), it was planned to develop a commercial EGS
in 2006 at a depth of 5000 m with a temperature of approximately 200 °C. A seismic monitoring
system comprising of six borehole seismometers was installed near the injection well.
Hydraulic fracturing was performed in granite layers that induced seismic events and
eventually, fracturing was stopped. A seismic event of magnitude 3.4 was recorded during post
fracturing period, which caused damage to local property and structures. The problem of

induced seismicity raised public concerns, and the project was abandoned in 2009 81,

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 18



2. Fundamentals of geothermal reservoirs and hydraulic fracturing

e Soultz-sous-Forets

The Soultz-sous-Forets (geothermal site in France) is located within the central part of the
Upper Rhine Graben basin. The geology is characterized by highly fractured granite with a
reservoir temperature over 180 °C. In 1987, the European Commission selected the Soultz site
for geothermal exploitation on a commercial scale after comparing the suitability with other
EGS sites of Rosemanowes and Bad Urach. Several wells have been drilled at different
locations and depths. Currently, there exist three wells that are approximately 5000 m deep 491,
Many hydraulic stimulation operations have been performed to increase the subsurface heat
exchange area. More than 114,000 seismic events have been detected during hydraulic
stimulation operations on the local seismic network with magnitudes between -2.0 and +2.9.
However, after the most significant magnitude (+2.9) in 2003, the modification in stimulation
strategy was implemented using low flow rates and volumes ¥4, The ORC binary power plant
is in operation to produce electricity of about 1.5 MW. In order to reduce the re-injection

pressure and increase production, submerged pumps have been installed at the site [,
Landau

The Landau EGS project is located in the Upper Rhine Graben region of Germany. Compared
to the normal value of thermal gradient (about 30 °C/km), the Upper Rhine Plain possesses a
temperature gradient of about 80 °C/km at some places. Therefore, Landau offers good
temperature conditions for EGS development. However, it is the first project in Germany facing
similar problems to Basel, i.e., seismicity. A seismic event of 2.7 in magnitude caused the
project’s suspension in 2009. Nevertheless, the project was restarted with a reduced injection
rate and pressure, which ultimately decreased the power generation capacity.

e The Geysers

The Geysers is considered one of the world’s largest geothermal fields, having an installed
capacity of about 1500 MW 2 |t is located in the Mayacamas Mountains of California,
approximately 72 miles north of San Francisco. Steam has been produced for power generation
from more than 350 wells. The first commercial power plant started operation in 1960 and since
then, about 22 power plants have been installed. Most of the power plants are owned by Calpine,
while the rest are operated by the US Renewables Group, Northern California Power Agency
and Silicon Valley Power. An EGS demonstration project was launched in 2009 at one
northwestern part of the Geysers site to exploit the high-temperature reservoir (280 °C — 400

°C) having low permeable rocks. Previously abandoned exploration wells P-32 and P-31 were
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successfully re-opened, deepened, and re-completed to produce high-quality steam. Due to
significant thermal effects, the cold fluid fracturing technique successfully provided artificial
fractures near the wellbore area without high injection pressure. Therefore, the largest recorded

earthquake is less than 2.87 7],

e  Cooper Basin Project

The whole Australian continent contains regional overthrust tectonic stress that can hinder the
development of geothermal fields using hydraulic fracturing. However, a large amount of field
data obtained through hydrocarbon exploration in the Cooper Basin helped in characterizing
the geothermal resource 71, In 1983, hot granite rock beneath the Cooper Basin was explored
during petroleum exploration well named “McLeod 1”. The granite in Cooper Basin contains
significant radioactive elements such as uranium, resulting in high reservoir temperature at
shallow depths. The purpose of the project was to exploit hot granite formation to achieve 100
MW electricity using a binary cycle power generation system. The first geodynamic well
(Habanero-1) was completed in 2003 to a depth of 4421 m, and since then, three additional
wells have been drilled in the Habanero area, near the original McLeod well. At Habanero, the
maximum temperature recorded was 243 °C . In 2013, Habanero EGS was successfully
commissioned with a power capacity of 1 MWe. However, the project’s ultimate goal is to
increase the power production to 450 MWe. The field experience showed that overthrust stress
environments could be ideal for stimulation, which can aid in horizontal drilling for reservoir

development 71,

e Desert Peak in the US

The Desert Peak EGS project was started in 2002 to produce 2 to 5 MWe using a binary power
plant. The field is located about 50 miles northeast of Reno, Nevada, northwest Churchill
County. The Desert Peak area is one of the several geothermal areas in the region, while others
include Bradys Hot Springs, Soda Lake, Stillwater, and Dixie Valley. During the first stage of
the project, the study results of the well DP23-1 showed difficulties in well stimulation
operation due to fragile rock characteristics. Therefore, the project proceeded to the second
stage with the drilling of DP27-15 because of favorable temperature and stimulation conditions.
The Desert Peak geothermal field currently has a generation capacity of 1.7 MWe from around

30 geothermal wells (7441,
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2.3  Geomechanics involved during hydraulic fracturing

Hydraulic fracturing (HF), known by many names such as fracking, fracing, hydrofracturing,
etc., is a process in which a fracture initiates and propagates with the application of hydraulic
loading of injection fluid 15 461, HF operations have been used to enhance the productivity of
oil or gas wells. It is a challenging technique involving large volumes of injection fluid (e.g.
water), heavy-duty pumps, multiple types of proppants, and polymetric additives to acquire
specific fluid rheology 1. A hydraulic fracture is generated in two stages. First is the “pad
stage”, in which a clean fluid is injected into the formation, and a fracture is initiated once the
down-hole pressure exceeds the formation breakdown pressure. Second is the “slurry stage”, in
which a mixture of fluid containing certain additives and proppant is pumped into the formation
for fracture extension and to keep the fracture open under the influence of closure stress. The
geometry of the created fracture depends on in-situ stresses, mechanical properties of the
formation, formation heterogeneities (natural fissures or faults), and the rheological properties

of the fracturing fluid [+ 461,

2.3.1 Stresses and strain
In 1828, Cauchy introduced linear elasticity theory that describes the deformation of an object
under the influence of loading conditions. He provided the definition of stress and strain and
established a system of partial differential equations to describe these processes [“®l. Stress is
defined as the force that acts on an infinitesimal area and can be described in terms of stress
tensor as it varies with the surface orientation on which it is applied. Mathematically it can be
written as Eq. (2.1).
AF

o = lim

ar (2.1)
AS—0 AS

where & is the stress vector [Pa], AF is the vector of internal force [N], AS is the corresponding

area to the internal force [m?].

The internal force can be disintegrated into one normal and two shear directions of a surface
that ultimately yields in three normal stresses (oxx, Gyy, 6zz) and six shear stresses (txy, Tyz, Tz,
Txz, Tzy, Tyx) @S Shown in Figure 2.6 (a). Due to symmetry of shear stresses (txy= Tyx, Tyz= Tzy, Tzx=

Txz), the total number of stress components can be reduced to six.
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Figure 2.6 Schematic of (a) stresses in a cartesian coordinate system (b) principal stresses

The stress and strain are second-order tensors and can be described in a 3 x 3 matrix, which has
three principal directions that are fixed, i.e., not change with the orientation of the axis. There
are three principal values of stress and strain tensors, and the characteristic equation of stress

state (Eq. 2.2) can be used for the principal stress estimations.

03 —Lo*—Lo—13=0 (2.2)

where o is the stress [Pa], |i are the invariants of stress tensor [Pa], i = 1, 2, 3, which are

independent of the coordinate system and can be expressed as follows;

Iy = 0y = Oxx + 0y, + 04, (2.3)
- |0xx Txy N Oyy Tyz Ozz  Tyx
2 TJ/ X Gy y Tz y Ozz Txz Oxx (2 -4)

— 2 2 2
= OxxOyy + Oyy0zz + Oxx0zz — Txy — Tyz — Tzx

_ _ 2 2 2
I3 = det(al-j) = OxxOyyOzz + 2TxyTy;Tox — TxyOzz — Tyz0xx — Txz0yy (2.5)

where o;; is the normal component of the stress vector above the section i, i = x,y,z, 7;; isthe

shear component of the stress vector above section i on different axes, i, j = X,y,z, and i #].

In addition, the three principal stresses of a stress state can be calculated using Eq. (2.5).
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( 1 2 _ 2
01=§Il +ﬁ ]251n(9+§7t)
1 2 _
0, = §11 + ﬁ J>sin@ (2.6)
1 2 ) 2
\0-3=§I:l+ﬁ ]281n(9—§7'[)

where g; is the principal stress of a stress state [Pa], J; is the invariant of the stress deviator
tensor [Pa], i =1, 2, 3, 0 is the Lode’s angle [°].

Analogous to principal stress, there exist three invariants of stress deviator tensor (Eq. (2.7)-

(2.9)). Deviatoric stress describes the changes in distortion and is important in the creep

process.

J1=8;=0 (2.7)

J, = — [laxx TXJ’| Oyy Tyz Ozz Tzx ]

z Tyx Oyy Tzy Ozz Txz Oxx 2.8)
1 2 2 '

=z [(Uxx - ayy) + (ayy —0,,) + (0, — axx)z] + 15y + T3,
. 2

3= det(sij) = (Oxx — Gm)(ayy - Gm)(azz — Om) (2.9)

where S; ;is the component of the stress deviator tensor [Pa], i =X, y, z.

For practical purposes, the equilibrium equations are required to express the relation between
external forces and stress under a dynamic state. Based on the unit element in Figure 2.8, the

dynamic equilibrium equations in x, y and z directions can be expressed as;

(004,  0Tyy 0Ty, 0%u
F — —_
ax oy "oz TP

00xx  O0Txy 0Ty, 0%v

S —p— = 2.10
ax "oy "oz ThPez =0 (210)
00y, 0Ty 0Ty, 0w

ox "oy Tz TPz =0

where F; is the component of the force in i direction [N], i = X, Y, z, p is the density of object
[kg/m®], u, v, w are the components of object’s displacement on X, y and z axis [m], t is the

time [s].
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To describe the relationship between displacement and strains, geothermic equations are
introduced. Three normal strains (&, €, £,,) and three shear strains (&, &, £,,) can be used
to describe the 3D strain state in Cartesian coordinate system. The geometric equations are

expressed as Eq. (2.11).

( ou, 1(/0u, O0du,
xr = Gy xy‘i(@ c’)_x>
L J(%;&) (2.11)
Yooy’ Y2 2\oy oz
du, 1/0u, Odu,
\Ezz = 5 ezx=§<6x+az)

2.3.2 Constitutive model
The relationship between stress and strain can be further elaborated using constitutive
equations. The typical stress-strain curve having two major sections, i.e., elastic and plastic, is

shown in Figure 2.7.

A
; Plastic zone 3
' Yield strength  eez=-=-TT :
a : Ultimate strength |
wvy y ‘
o .\ Elastic limit |
» : Rupture |
7 E point :
i Proportional limit i
Strain

Figure 2.7 Typical stress-strain curve

A linear relation exists between stress and strain until the proportional limit is reached. During
this stage, the deformation is reversible. However, deformation becomes irreversible once the
stress state reaches or exceeds the yield strength of the material. Elastic theory can calculate

elastic strain as in Eq. (2.12).
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1 T
(00 = 2[00 = 0(0yy + 02)], &y =5

1 _ Tyz
Eyy = E [ayy - U(axx + Uzz)]; Eyz = ﬁ

A

(2.12)

TZ X

1
\ €zz = E [O-ZZ - U(Uxx + ny)]' Ezx = E

where E is Young’s modulus [Pa], v is the Poisson ratio [-], G is the shear modulus [Pa].

In the plastic zone, micro fractures begin to appear in the object. Two famous failure criterions
exist to quantify the plastic strain, i.e., Mohr failure criterion and Tensile criterion. In Mohr

failure criterion, shear stress exceeds the shear strength and is expressed as;

FP =g, — 03N, — 2c /N(p (2.13)

where a; is the maximum principal stress [Pa], o5 is the minimum principal stress [Pa], c is the

cohesion [Pa], N, is a constant and can be calculated using Eq. (2.14);

1+ sing
)= (2.14)

1 -—sing
where ¢ is the friction angle [°].

In tensile failure criterion, plastic failure takes place when tensile stress exceeds the tensile

strength and is expressed as;

Fp == _0-3 _— O-T (215)
where o is the tensile strength [Pa].

The plastic deformation can be calculated as;

(FP) 0Q*

def, = dh— . (2.16)
“i |[FP| oy
0 FP<oO

PP :{ < 217

(F7) PP =0 (2.17)

where ef} is plastic stain [-], A is the plastic strain multiple [-], Q7 is the potential function [-],

FP is the failure function.

The potential functions related to Mohr and Tensile failure criteria are expressed in Eq. (2.18)

and Eq. (2.19), respectively.
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QP =0y —a3N,, (2.18)
QP = —oy (2.19)

2.4 Modeling of hydraulic fracturing

Dow Chemical Company introduced hydraulic fracturing in the 1930s with the observation that
downhole fluid pressure can crack the formation rock [“®1. However, the first hydraulic
fracturing treatment was performed in 1947 in Kansas on a gas well in the Hugoton field ],
Since then, millions of treatments have been performed in low permeable fields with various
geological environments. Hydraulic fracturing is a complex process that involves multiple
coupled processes such as mechanical deformation of rock caused by fluid pressure change on
the fracture surface, the fluid flow inside the fracture and formation along with their
interactions, fracture propagation, proppant movement inside the fracture, and its settlement.
A mathematical model is necessary to propose and investigate the hydraulic fracturing
treatment. Therefore, the race for developing theoretical models began in the 1950s gradually
for 2-dimension (KGD & PKN) and 3-dimension such as cell-based pseudo-3D (P3D) and

planar 3D models. A review of these models has been presented in the subsequent section.

2.4.1 Penny-shaped fracture’s modeling

The leading analytical solution for a penny-shaped fracture (Figure 2.8) was found by Sneddon
and Elliot % in 1946 with fixed fracture length and under the influence of constant loading at
plain strain state. They proposed an expression for the width of a penny-shaped crack having

radius ‘R’ that defines an ellipsoid as given in Eq. (2.20).

8PneR(A—v%) | 12 (2.20)
E R?

w(r) =

Whereas the volume of the crack is expressed in Eq. (2.21).

16(1 — vH)R3
V= Pt (2.21)

where R is the radial fracture length [m], r is the radial coordinate [m], E is the Young’s modulus
[Pa], v is the Poisson ratio [-], Pret = ps- oc is the net pressure [Pa], ps is the pressure inside the

fracture [Pa] and o is the fracture closure pressure [Pa].
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Figure 2.8 Schematic of radial fracture geometry [46]

Sack % in 1946, described the net pressure for fracture propagation under constant pressure
loading as:

_ /% 222
Pnet_ 2(1_v2)R ( )

where y is the fracture surface energy [J/m?].

The radial fracture length can be calculated in terms of injection rate and time by assuming no
leak-off as described in Eq. (2.23).

2,2 1/5
=[ 9EQ°t l (2.23)

128myr(1 — v?
Carter (1957) introduced the fundamental equation (Eq. 2.24) to define fluid leak-off during
hydraulic fracture modeling, neglecting the fluid viscosity and solid mechanics effects.

Cy

U = ————
N (2.24)

where ug is the leak-off velocity at a point on fracture wall [m/s], C. is the leak-off coefficient

[m/s'?], t is the current time of injection [s], texp is the beginning time of leak-off [s].

Sneddon and Elliot (1946) also proposed an analytical solution to solve the stress interference

phenomenon during hydraulic fracturing. The stress components are described as follows:

1 T 1 1
3 (Aax — Aay) = Ppet {r_ cos (9 — 561 — 592) - 1} (2.25)

112
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1 rsin(@) ( c?\z 3

E (AO'y — AO'x) = Pnet T(E) Slnz (91 + 92) (226)
rsin(0) [ ¢c*>\2 3

ATy = Py . <_r1r2> cos (6, +6,) (2.27)

where c is the fracture half-length and the other symbols are explained in Figure 2.9.
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Figure 2.9 Schematic of 2D fracture parameters in Egs. (2.25) to (2.27) 52

2.4.2 Two-dimensional models (2D)

Two models, namely PKN model (developed by Perkens, Kern and Nordgren), and KGD model
(developed by Khristianovich, Zheltov, Geertsma and de Klerk), are considered as basic
hydraulic fracturing models that include volume balance and solid mechanics. These models
have relatively simple geometries converting a 3D solid and fracture mechanics problem into
2D (i.e., plane strain) problem. The details of these models are presented in the following

section.

2.4.2.1 The PKN model

Perkin and Kerin (1961) % assumed that the stresses above and below the pay zone are
sufficiently large enough to allow the fracture propagation only in the pay zone with fixed
vertical height. Furthermore, the fracture cross-section is elliptical and has a limited height hs

(Figure 2.10). This is valid if the fracture half-length is much bigger than fracture height
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(L>>hf). The fluid flow rate in an elliptical section is governed by 1D Newtonian flow and can
be written as in Eq. (2.28).

dp 64qu

dx  mhyw? (2.28)

where p is the pressure [Pa], x is the distance along the fracture [m], « is the fluid viscosity [cp].

>

A=

v
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Figure 2.10 Schematic of a PKN fracture model [

For the fixed fracture height, maximum fracture width can be described in terms of net pressure
(Sneddon and Elliot (1946) as:

anethf(]»_'vz)
w =

= (2.29)

By substituting Eq. (2.29) in Eq. (2.28), replacing flow rate g by one-half of the injection rate
(0i/2), and neglecting both leak-off and fluid storage in fracture, Eq. (2.30) can be obtained.

4 uq;E"
PecdPnec = —— ;l}; dx (2.30)

E
1-v2

where E' = is the plane strain modulus [Pa].

By integrating the above expression along the fracture half-length L and pnet = O at the fracture

tip, net pressure can be described in Eq. (2.31).
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64uq.E? 17
LL] (2.31)

Pnet = l %
nhf

Maximum fracture width in terms of injection rate can be obtained (Eqg. (2.32)) by inserting Eq.
(2.31) back in Eq. (2.29).
1/4

w(x) = 3 [W} (2.32)

Nordgren (1972) 4 added the leak-off and fluid storage relations into the initial Perkins and
Kern model, and optimized the fracture model known as PKN model. The equation of

continuity (i.e., conservation of mass) is described as:

dq dA

—+ q+ =
qL ot

2.33
ax 0 (2.33)

where q is the volume flow rate through a cross-section [m®/s], A is the cross-sectional area of
the fracture (which is twhf/4 for PKN model) [m?], qv is the leak-off rate per unit length [m?/s].

gL can be expressed according to Carter model (1957) as:

QL = Zhepy, (2.34)

where uL is the leak-off velocity at a point on the fracture wall and is expressed in Eq. (2.24).
By substituting Eq. (2.28) and Eqg. (2.34) into Eq. (2.33), the following expression is obtained.

E' 0*w* 8C, +6W
128uhs 0x%> t— top(x) Ot (2.35)

Using the numerical methods, the above partial differential equation can be solved.

2.4.2.2 The KGD model

Khristianovich and Zhelo (1955) 51 developed the hydraulic fracturing model by assuming the
fracture width independent of fracture height at any distance from the well. This assumption is
valid for a fracture with a much higher height than half-length (hf>>L). Figure 2.11 shows KGD
model having fixed fracture height. KGD width calculations can be used for short fractures
where plane strain assumptions are applicable to horizontal sections. Moreover, the radial
model is appropriate for analogous reservoir conditions considering the injection section

practically a point source. They included the solution of fracture mechanics’ aspects of the
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fracture tip by assuming the flow rate in the fracture as constant. In addition, the pressure inside
the fractured body can be approximated as constant, except for a small region near the fracture
tip with no fluid pressure.

™~

Figure 2.11 Schematic of a KGD fracture model [*4]

Geertsma and de Klerk (1969) €1 adopted the Khristianovich and Zheltov’s work and provided
a more straightforward solution for the tip region. For the rectangular cross-section, 1D flow

can be presented as:

op  12qu
ax hw? (236)
The above equation can be written in integral form
6 ‘ d
Hq; x
Pret = h_f w3 (2.37)

0
By adopting Barenblatt’s (1962) 7 tip condition (which suggests that the fracture tip must

close smoothly, Figure 2.12), the stress intensity factor is zero and stated as in Eq. (2.38).

L
f Prnet (x)dx —0 (2.38)
J 1= (x/L)?
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Figure 2.12 Barenblatt’s tip condition 4]

The fracture width profile near the unpressured region is almost the same as that acquired with

constant net pressure over the entire fracture and can be written as:

4
Wy = 7 LPnec (2.39)

By solving Eq. (2.37) through Eqg. (2.39), expressions for the well bore net pressure (Eq. 2.40)
and wellbore width (Eq. (2.41)) can be obtained.

1/4
21uq; _q
1/4
84 puq; L2
w,, = T E'hy (2.41)

In case of no leak-off, fracture length and width can be calculated in terms of injection time.

) 3q1/6
L(t) = 0.38[&‘] £2/3 (2.42)
f
ug
w,, = 1.48 [—‘3] t1/3 (2.43)

Geertsma and de Klerk (1969) extended the model to include a leak-off term according to
Carter’s (1957) method. They incorporated fluid loss, assuming no effect on fracture shape or

pressure distribution. The volume of two-wing KGD fracture is:

T
Vi =5 helwy, (2.44)
By applying volume balance and Laplace transformation, Eq. (2.45) is obtained.
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= I (eszerfc(S) + iS - 1)
64CZhy iy (2.45)
where § = 2LV
Ww

2.4.3 Three-dimensional models (3D)

The above-mentioned 2D models contain several assumptions and significant limitations as
these work on the fixed fracture height or radial fracture propagation. However, fracture width
generally varies from the well to the tip of the fracture. The 3D models have been developed to

overcome this limitation.

2.4.3.1 Planar 3D model

The Planar 3D model is a physical-based model that assumes the fracture as planar and oriented
normal to the far-field minimum in-situ stress. During fluid flow inside the fracture, both the
width at any point and the shape of fracture vary with time. The relation between pressure
gradient and flow rate is sensitive to the fracture width. This model considers a coupling
between the fracture geometry and fluid flow. The fracture width at any point (X,y) can be
determined by an integral of the net pressure over the entire fracture as:

w(x,y) = .ff fx—x",y —y)(px',y) —o(x',y"))dx'dy’ (2.46)

where o is the stress, f is the elastic influence function of an arbitrary point (x’,y’) to the point
(x.y).

The boundary element method can be used to generate the mesh in each layer with a couple of
variants. The triangular mesh (moving) and quadrilateral mesh (fixed) are shown in Figure 2.13

and Figure 2.14, respectively. The propagation criterion differs for each mesh strategy.
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Figure 2.13 Representation of planar 3D fracture geometry based on moving mesh system of
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Figure 2.14 Representation of planar 3D fracture geometry based on regular (fix) system of
quadrangular elements 4]

The fluid flow is presented using equations for conservation of mass and the leak-off effect as:

d(pwi)\  (d(poww,)) @
( (pau;u )) +< p;;uy > N (g:/) +20u, = 0 247

Due to the difficulty of complex coupling of fluid flow, solid deformation, relation between
width and pressure, and the complexity of the moving-boundary problem, this model is only

numerically solvable.

2.4.3.2 Pseudo-3D model (P3D)
Pseudo-3D models attempt to apprehend the physical behavior of a planar 3D hydraulic fracture

with minimal computational complexity. The basic assumptions to build these models include
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homogeneous reservoir elastic properties and averaged over all fracture height layers. There are

two main P3D models, i.e., cell-based and lumped.

o  Cell-based pseudo-3D model

Cell-based P3D models adopt the fracture as a series of connected cells (Figure 2.15). Each cell
behaves as a planar fracture and does not contribute in fluid flow in a vertical direction, same
as the PKN model. Therefore, it is valid only if the fracture length is higher than the fracture
height. The fluid flow occurs along the fracture length and the pressure in the cross-section is

calculated using Eq. (2.48).
P = DPep T PGy (2.48)

where pep is the pressure along a horizontal line through the center of the perforations, y is the

vertical distance from the center of the perforations.

The above expression is valid for sufficiently slow vertical fracture extension and assumes

negligible pressure gradient resulting from the vertical flow.
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Figure 2.15 Schematic of facture geometry based on cell-based pseudo-3D model 4]

Fung et al. (1987) [58] provided a general solution for asymmetric multi-layer cases. They
proposed that the stress intensity factor at the top (Ki) and bottom tips (Ki) can be expressed

in terms of pressure at the center of the perforation and the closure stress in each layer.
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where ki, and ki are the stress intensity factors [Pa.m*?], pr is the fluid density [kg/m®]; hy, h;,

(2.50)

hep are relevant heights [m] (Figure 2.16).
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Figure 2.16 Definition of the variable for fracture containment problem (modified from
Economides & Nolte [41)

With the known pressure at the center of the perforation (pcp) and incremental height growth,
the fracture width can be presented as in Eq (2.51).
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where y is the elevation measured from the bottom tip of the fracture.

e  Lumped pseudo-3D model

In the lumped P3D approach, a fracture is divided into two half ellipses joined to their centers
in the fracture length direction, as shown in Figure 2.17. The three variables, i.e., the top ellipse,
the bottom ellipse, and fracture length, are calculated at each time step. At the same time, fluid
follows fixed streamlines from the perforation to the ellipse edge. This approach was firstly
introduced by Clearly (1980) *°! and was based on the mass conservation equation and the
relation between the distribution of crack opening over fracture length. The net pressure

distribution is expressed as:

L
Prec) = [ 160X )W (2.52)
—-L
While momentum conservation is stated as:

_V4W2n—m+1 ‘7}?

Ggqm "t = . (2.53)

where y, is channel factor, m is for turbulence, n enables consideration for both non-Newtonian

fluids and turbulent flow.
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Figure 2.17 Schematic of facture geometry based on pseudo-3D lumped elliptical model

The further developed PKN and KGD models are generally used to determine fracture
propagation in vertical and horizontal directions. The mass balance can be obtained by
averaging over the fracture length.

p(qw — Lq,) = d(yspwl)/dt (2.54)
Where
WA Y1Pnet L
E (2.55)

And power law flow equation:

oy (w)P?
qmW" ~ (2.56)
Where
ym = Y2VaE
Sy (2.57)

The above expressions are similar to the KGD model and relatively simple, but “y” coefficients
may not be constant. Laboratory experiments or field studies can help to determine these

coefficients.

In order to achieve a fully 3D hydraulic fracturing model while incorporating coupled

processes, significant attempts have been made in recent decades. Zhou and Hou (2013) [¢%
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have developed an advanced approach for simulating hydraulic fracturing. In this approach, a
fracture can propagate under a three-dimensional stress state with hydro-mechanical coupling
effects among the fracture and the matrix mediums using software FLAC3D. In addition, the
settling effect of proppants during fluid transport was also implemented. In 2016, Feng 61
extended the model by taking the heat transport in fracture and heat exchange effects between
fracture and surrounding rocks during the hydraulic fracturing process in tight sandstones. By
introducing a set of plug-in components in FLAC3D, the modified software is named
FLAC3DP", To model the fully THM coupled processes, two numerical simulators FLAC3D
and TOUGH2 were coupled to exchange data with non-linear coupling functions [©2 631,
Afterward, the modified version FLAC3DP"s has been coupled with TOUGH2MP to model the

hydraulic fracturing process in different reservoirs [64 61,

2.5  Significance of wellbore orientation on hydraulic fracturing

The wellbore orientation concerning in-situ stresses significantly impacts the propagation of
multiple fractures in a horizontal well. Longitudinal and transverse fractures are formed parallel
and perpendicular to the horizontal wellbore direction (Figure 2.18). Vertical wellbores have
been used to perform stimulation operations throughout history. However, with the

development in drilling technology, alternative wellbore designs have emerged as efficient

e/

fluid/heat extraction methods.

Axial
/| fractures Transverse
VN A fractures

Figure 2.18 Longitudinal and transverse fractures [*4]
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e Deviated wellbore

In deviated wellbores, the drill bit is deflected at a specified angle from vertical to intersect the
targeted formations. These wellbores are commonly drilled from fixed drilling locations and
deflected with the help of special drilling tools such as mud turbines and steerable rotary
assembly (661,

e Horizontal wellbores

These are the wellbores in which the targeted formations are anticipated with a high trajectory
angle within the specific zone of interest. Horizontal drilling provides the advantage of
accessing a more extensive reservoir section that may have limited formation thickness. In
addition, practices of multiple fracturing operations using horizontal wellbore in tight
hydrocarbon formations and geothermal reservoirs have become inevitable in recent times.

However, horizontal wellbores are more likely to face stability issues due to high vertical stress.
e Multilateral

These wells have more than one lateral radiating from the main borehole. This helps in
connecting several reservoirs from the single surface platform. Multilaterals are suitable to
apply in locations where separate well drilling is not possible and economical. These are also

beneficial to reduce the surface footprints, particularly in the case of land operations.

2.5.1 Multistage fracture placement design

The selection of wellbore orientation is further helpful in planning the multiple fracture
placement design. The multistage fracturing through a single or multiple horizontal well is
generally done simultaneously or sequentially. In the case with multiple wells, this is known as
“zipper” fracturing technique. The “zipper-frac’ approach aims to generate a network of closely
spaced fractures so that an improved stimulated reservoir volume is achieved. Zipper

stimulation is divided into three categories.

(a) Simultaneous zipper stimulation

This technique performs simultaneous stimulation in both parallel wellbores (Figure 2.19 (a)).
During the propagation of simultaneous multiple fractures, these can interact with each other
and some may not initiate due to the stress shadow effect 7). Numerical methods performing
fluid flow for fracture deformation and principles of fracture mechanics can help and improve

the fracture system. This technique is applicable in shale formations using slick water (81,
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(b) Sequential zipper stimulation

In this method, fractures are created sequentially with time difference between two consecutive
fracturing stages as shown in Figure 2.19 (b). This concept can anticipate residual stress field
of well-1 to enhance the fracturing operation from well-2. Although, most operators have
adopted this stimulation technique due to its operational efficiency, improved hydrocarbon
production has been observed in very few cases [*°].

(c) Modified-zipper stimulation

In this method, stimulation stages are performed like sequential zipper but the wellbores have
initial offset among them (Figure 2.19 (c)). Theoretically, it has been observed that both the
sequential and the modified-zipper provide almost same stimulated reservoir volume. However,
the reactivation of preexisting fractures due to stress shadow in modified-zipper method

potentially increase the complexity and the stimulated volume [67- 701,

(c)

Figure 2.19 Simplified illustrations of (a) simultaneous (b) sequential and (c) modified zipper
stimulation at parallel wellbore with time sequence (t1 to t8)
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2.5.2 Stress shadow during multiple fracturing

The application of horizontal drilling in unconventional reservoirs with multiple transverse
fractures has achieved considerable recognition in recent times. The multiple transverse
fractures can be created once the horizontal wellbore is drilled parallel to the direction of
minimum horizontal stress. In fracturing operation, significant amount of fluid is injected
through injection perforations that not only pressurize the formation but also changes the in-
situ stresses. During multiple fracturing, the increase in pressure is dependent on fracture
spacing, the net pressure and the overlap area between the fractures. Such increase in pressure
or stress is frequently termed as “stress shadowing” ["*l. The stress shadow effect was first
reported in Green et al. ["? and Snedon et al. % during the study of stress distribution of a semi-
infinite two-dimensional fracture. The stress shadow can alter the orientation of two horizontal
principal stresses. Ideal transverse fractures can be obtained without stress shadowing;
however, the propagation of middle fracture is quite restricted while considering stress

shadowing effect (Figure 2.20).

Fracture Fracture

VAN VN

Horizontal wellbore

/

(a) (b)

Figure 2.20 Multiple fracturing operation in the horizontal wellbore (a) without stress
shadow (b) with stress shadow [l

Soliman and Addams [73] investigated multiple transverse fractures by adopting analytical
solutions for semi-infinite 2D fractures. They concluded that the stress shadow effect increases
with the increase in fractures and with the decrease in fracture spacing. It has been found that
fracture spacing and the sequence of fracturing operations (simultaneous, sequential,
alternative) greatly influence fracture geometry. The fractures present in the middle usually

have shorter fracture lengths during simultaneous operation. In contrast, during sequential
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fracturing, the effects of preceding fractures may cause reduced reorientation of the succeeding
fractures [, In addition, the fracturing sequence also plays a significant role in the degree of

stress reorientation.

It has been noted that stress perturbation ahead on the subsequent fractures increases until it
reaches a maximum value depending upon the fracture spacing. If an alternate fracturing
sequence is adopted, fractures can be placed closer to each other, which can help in efficient
drainage of the reservoir (Figure 2.21). However, special tools may need to be developed for

ensuring fracturing sequence %1,

In this thesis, the stress shadowing effect during multiple fracturing operations is analyzed using

consecutive fracturing sequence.
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Figure 2.21 Fracturing sequence (a) consecutive (b) alternative
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3 Numerical study of geothermal heat production through
multiple hydraulic fractures in a horizontal well in
consideration with stress shadow effects

In this chapter, thermo-hydro-mechanical (THM) coupled processes are integrated based on
numerical computational methods, and a fictive model study is carried out for geothermal
energy production through multi-well multi-hydraulic fractures. It is hard to find an in-depth
analysis incorporating the stress shadow impact while designing multiple fractures in enhanced
geothermal systems. A couple of prominent features exemplifies the uniqueness of this study.
The effect of the previous fracture on each newly created fracture has been analyzed based on
configured fracture geometry during multiple hydraulic fracturing, combining the stress shadow
effect. Afterward, fluid flow calculations for geothermal utilization are performed using cubic
law while integrating the changes during fracturing operations. This concept can provide a good
understanding of reckoning out the preferable flowing paths and a fair estimation of geothermal
energy production. The main contents of this chapter have been published in the following
research paper (Haris et al. 2020)"®l: Investigative coupled Thermo-Hydro-Mechanical
modelling approach for geothermal heat extraction through multistage hydraulic fracturing

from hot geothermal sedimentary systems. Energies 13, 3504.

3.1  Overview of the role of hydraulic fracturing in EGS Exploitation

Hydraulic fracturing is a well-known and widely accepted stimulation technique that is
generally applied in low to ultra-low permeable reservoirs, i.e., tight or shale gas, to create flow
channels (artificial fractures) to enhance flow rate from the reservoir to the wellbore [,
Utilizing horizontal well technology with multiple transverse fractures has gained
acknowledgment to deal with tight unconventional resources. However, it is still at the
investigative stage for EGS exploitation. Plenty of work has been done in the past for
appropriate designing of hydraulic fracturing to increase oil or gas production based on
reservoir permeability, porosity, number of fractures, fracture spacing, conductivity, and half-
length. Many in-situ factors are responsible for fluid conduction through single or multiple
fractures, which cannot be fully controlled from an engineering point of view ['1. While
working on geothermal energy systems, these issues become more significant as the thermal
breakthrough measurement in a multiple fracture system is quite complex [®l. Based on

different geothermal field studies, such as Soultz, Fenton Hill and Rosemanowes, insufficient

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 44



3. Numerical study of geothermal heat production through multiple hydraulic fractures in a horizontal
well in consideration with stress shadow effects

hydraulic connection and short cut issues were major causes of failure in obtaining optimal flow
rates [9. 811,

Due to the limitations of time consumption and expenditures involved, laboratory tests for EGS
have been neglected and rely on numerical simulations, which have made great progress in the
recent era [ 81, Extraction of geothermal energy is a composite phenomenon that involves
coupled thermal, mechanical, and hydraulic processes 4%l Moreover, to better understand
suitable mass flow rates, heat production life span ,and heat extraction efficiency, numerical
methods can be the only option to provide viable solutions. It has been estimated that the low
permeability geothermal reservoir can be utilized with at least 20 kg/s production rate
considering economic constraints [¢71. Cao et al. [ researched developing a fully coupled THM
model for heat extraction through an idealized quintuplet EGS system. They suggested that
temperature gradient induces thermal stress in the reservoir, which affects the formation
permeability and heat extraction performance. Salimzadeh et al. % worked on deformable
fractured geothermal systems and analyzed the impacts of cold fluid flow on the fracture
aperture. They pointed out that cold fluid creates volumetric deformation and amends the
overall distribution of stresses.

The significant designing constraints for multiple fracture systems include appropriate
placement of well, fracture spacing, wellbore completion, fracture geometry, and conductivity.
Li et al. [ worked on multiple transverse fractures based on fixed fracture geometry and
highlighted the importance of interaction between the wellbore and geothermal reservoir. They
concluded that wellbore radius and production rate are the main influential factors during fluid
flow. Several studies have been conducted by considering the geothermal reservoir as an
equivalent porous medium or pipe network model, but hydro-mechanical coupling was
overlooked P12 The study of Zhao et al. 3 on a geothermal field in Tengchong, China,
depicted that fluid flow increases due to strong mechanical effects during heat extraction over
time. Zeng et al. [*! investigated electricity generation potential through a naturally fractured
granite formation. They concluded that energy production is mainly dependent on injection rate
and injected fluid temperature, while an increased number of horizontal wells can significantly
enhance the production rate compared to vertical well. Roussel et al. [”® worked on optimizing
the fracture spacing and sequencing in the Barnett shale formation. They concluded that
alternate fracture sequencing and zipper fractures could enhance the stimulation treatment in
the horizontal well. Fish et al. [*®! verified the presence of stress shadow with the use of micro-

seismic measurements during field tests and found that the growth of middle fracture is highly
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attenuated by the surrounding fractures during simultaneous fracture propagation, as compared
to the corner fractures. The working results of Soliman et al. ["® suggested that stress contrast
increases as the fracture spacing decreases.

Although some researchers [>971 have studied and analyzed the geometry and propagation of
fractures employing a simultaneous multi-stage hydraulic fracturing technique for economical
production of fossil fuels through tight formations, the impact of stress shadow on multiple
fracture configuration and consequently for geothermal energy production especially
incorporating THM coupling effects still needs critical investigation, which is therefore carried
out in this study.

3.2  Application of FLAC3DP'"s for modeling hydraulic fracturing

The numerical simulator FLAC3D (Itasca), the extension of the two-dimensional program
FLAC (Fast Lagrangian Analysis of Continua), was initially designed to solve the soil or rock-
related geotechnical engineering problems with the consideration of coupled hydraulic,
mechanical, and thermal effects. It utilizes the finite difference method (FDM) for performing
numerical simulations. However, its uses in the petroleum industry, especially to simulate
hydraulic fractures, are limited due to fundamental design modules. The advancements of Zhou
et al. (2013) % and Zhou et al. 2014 [*8 in FLAC3D for simulating hydraulic fracture
propagation in three-dimensions under fully hydro-mechanical coupled effects has made it
more practical. Furthermore, heat transport within fracture and heat exchange between
fracturing and surrounding rocks has also been supplemented in the extended model developed
by Feng et al. (6%,

3.2.1 Hydro-mechanical coupled governing equations

The consequences of hydraulic fracturing include complex coupled HM processes in the
formations that take place instantaneously. The mechanical deformation is measured by solving
a combination of equations such as the equation of motion (Eq. 3.1) that incorporates
displacement increment dynamically at a certain time interval, the continuum equation (Eq.
3.2), and the constitutive equation (Eg. 3.3) for strain and stress increment.

dvi) .y (3.1)

s+ o (b=

1 3.2
Aeij = E (Aui,]- + Auj,i) ( )
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Ao’ = DAs (3.3)

where ¢ is the total stress [Pa], p is the rock density [kg/m?], bi is the volumetric acceleration
[m/s?], v; is the rock mass velocity [m/s], t is the time [s], Ae is the strain increment [-], u is the
displacement [m], Ao’ is the effective stress increment [Pa], D is the physical matrix, i, j €
(x,y,2).

The pressure inside fracture changes during fluid injection or leak-off (%81, At this moment, it is
considered that the elements within the fracture distort while the residual elements remain
stagnant (Figure 3.1). The erratic behavior of fracture can be elaborated by adding an extra
strain increment in the total strain increment, which is the response of pressure change in
fracture. Furthermore, the pressure change in fracture only creates strain change normal to the

fracture plane and is defined in an equation (Eq. 3.4).

P (t+ 1) + 0,(t) (3.4)
oq

Ef—

where & is the induced strain [-], Pr is the fluid pressure in fracture [Pa], o,, is the normal stress

perpendicular to the fracture [Pa], a; = K + 4/3 G is the material constant based on shear
modulus G [Pa] and bulk modulus K [Pa].
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Figure 3.1 Presentation of the fracture element and load condition in a geometric model [°€I

Using the induced strain, the change of fracture width for small elements normal to the fracture

plane can be calculated as Eq. (3.5).

Aw = Agfl, (3.5
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where w is the fracture width [m], I¢ is the element length normal to the fracture [m].
Physically, a fracture can never be closed, and some fracture width always exists due to the
prevention caused by surface roughness and proppant concentration in the fracture. To consider
the proppant compaction or fracture wall contact, the contact stress is added in Eqg. (3.4), which
becomes Eqg. (3.6).

Pr(t+1) + 0con(t) + an(t) (3.6)
251

Ef—

where a,,,, IS the contact stress [Pa] with

{Ucon(t +1)=0 if C< Chgx aNd W = Wy
Ocon(t + 1) = 0con(t) + ay - Agg if C> Cpax OT W < Wyes

where g, is the over reduced strain [-], C is the proppant concentration [-], Cmax iS the maximum

proppant concentration [-], wres iS the residual fracture width [m].

By applying induced strain induced due to the change of fluid pressure in fracture, the new

stress increments can be calculated according to Hook’s law.

on(new) = o0, (old) — a;Asf (3.7)

012(new) = oy1,(0ld) — a,Agf (3.8)
where o , are the stresses in another two principal directions (Pa), a,= K—2/3 G.

Zhou et al. [*® improvised the fracture propagation criteria by introducing multiple divisions of
elements, as shown in Figure 3.2. The sub-elements in the partially fractured element are much
sensitive to applied effective stress and convert into fully fractured elements once the effective
stress exceeds the tensile strength. Hence, the fracture tip proceeds and the successive
unfractured elements alter into partially fractured elements.
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Figure 3.2 Categorization of fully fractured, partially fractured and unfractured elements

3.2.2 Two-phase flow in fracture (solid + liquid)

The combination of solid proppant and liquid based on different compositions, including certain
additives and chemicals, forms a fluid slurry used during the hydraulic fracturing operation.
The fluid flow in fractures highly depends on the volumetric concentration of the proppant as
its concentration can change the rheological properties of the fluid. Based on the experimental
findings, Barree et al. °® derived a mathematical correlation that describes the relation between
proppant concentration and slurry viscosity.

C >—a (3.9)

= 1—
HUa Ho ( Cmax
where u, is the apparent viscosity of the slurry [Pa.s], u, is the effective Newtonian viscosity
of clean fluid [Pa.s], Cmax is the maximum proppant concentration [kg/m?], C is the proppant

concentration [kg/mq], a is the correlation coefficient [-].

This correlation suggests that fluid starts to behave more like a solid with the increase in
proppant concentration. The lower shearing region corresponds to Newtonian fluids, while the
higher shear rate region is comparable to the shear-thinning fluid. To compensate these effects,
Eissa et al. [2% developed a model that describes the relationship between slurry viscosity and

proppant concentration and is expressed in Eq. (3.10).
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(3.10)

where y is apparent shear rate [l/s], y. and y4 are the parameters [1/s], n is the power law

coefficient [-].

The two-phase flow (solid + liquid) in the fracture is generally treated as the flow between two
parallel planes. With this assumption, the Navier-Stokes equation (Eq. (3.11)) can be used to
derive the average velocity for slurry flow considering gravity as well. For incompressible
slurry, the mass conservation equation can be reduced to the volume conservation equation (Eq.
(3.12)). By putting the value of Eq. (3.11) into Eq. (3.12), Eq. (3.13) can be obtained that
considers the influence of fracture aperture, pressure gradient slurry density alteration, and

apparent slurry viscosity.

beo W2 (B +psg2) (3.12)
* 12u, 0x
0
% + V- (wsw) +wQs =0 (3.12)
ow w3
W(Qinje. + Qrear) + Fri V- 20 V(Pf + psgz) (3.13)
a

where vs is the slurry velocity [m/s], w is the fracture width [m], Ps is the fluid pressure in
fracture [Pa], ps = C pp + (1 - C) is the slurry density [kg/m?®], pp is the proppant density [kg/m?],
g is the gravity acceleration [m/s?], z is the elevation [m], t is the time [s], Qs is the source [1/5],
Qinje. is the injection source [1/s], Qieax is the leak-off source [1/s].

FLAC3DP"s ytilizes Eq. (3.14) to evaluate the proppant transport.
a(Cw)

ot
where C is the proppant concentration [%], Vp is the proppant velocity [m/s], Cinje is the proppant

(3.14)

+V- (Cva) + WCinjeQinje =0

injection concentration [%].

3.2.3 Fluid flow interaction between the fracture and the rock formation
Some of the injected fluid enters into the rock formations during the hydraulic fracturing
process. It is due to the pressure difference between the fracture and formation. This process is

known as “leak-off” and during this pore pressure is changed. The combination of fracture
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propagation, surrounding stress distribution and final proppant placement depends on the leak-
off rate. In FLAC3DP", leak-off is modeled numerically using the method introduced by Zhou
et al. 91 which describes the leak-off term at each time step (Eg. 3.15) considering the
stationary Darcy flow between the fracture wall and the formation.

= (05— B) o
Km is the permeability of the matrix [m?], S is the exchange area [m?], u is the viscosity [Pa.s],
Vi is the volume of the element [m?], f is the infiltration coefficient [I/s], Pr and Py, is the fluid
pressure in the fracture and formation pores [Pa], respectively.

3.3  Governing equations for heat transmission

The knowledge of reservoir stimulation remains incomplete without discussing the thermal
process. Heat transmission between the fracture and the rock is a complex phenomenon that
can be characterized into different transmission mechanisms. The details are provided in this

section.

3.3.1 Heat conduction

Due to the difference in temperature between the two parts of the same medium, the thermal
energy exchange is known as heat conduction. By integrating the heat flow equation (Fourier
1878, Eq. (3.16)), continuity equation (Eq. (3.17)), and thermal constitutive equation (Eq.
(3.18)), the heat conduction process can be described mathematically as in Eq. (3.19).

oT
= —A— 3.16
dqx , 09y  0q, _0H (3.17)
_<6x+6y+62 =5
J0H oT
i i 3.18
ot  Por (3.18)
2 2 2
Aa T Aa T+Aa T aT (3.19)

Frhl dy? 922 T = Pyt

where g is the heat flow in the i direction [W/m?](i = X, y, z), A is the rock thermal conductivity
[W/(m-°C)], T is the rock temperature [°C], qv is the heat source of volume [W/m®], H is the
stored heat per unit volume [J/m3], p is the density [kg/m?], cy is the specific heat capacity
[J/(kg°C)].
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3.3.2 Heat convection

The heat exchange due to fluid movement from one place to another is categorized as heat
convection. It is dominant form of heat transfer in liquids and gases. The driving force is the
temperature gradient, while heat exchange is influenced by other factors such as flow rate,
surface roughness, etc. These factors can be incorporated using the heat transfer coefficient and
described in Eq. (3.20).

qn = K(Ts —T,) (3.20)

where gy is the heat flux component normal to the boundary in the direction of the exterior
normal [W/m?], h is the convective heat-transfer coefficient [W/(m-°C)], Ts is the temperature
at the surface of the solid body [°C], Te is the temperature of the surrounding fluid [°C].

Feng et al. (2016) Y implemented the new thermal module in FLAC3DP"s into the simulator
using the finite volume method and implicit Euler method to incorporate heat conduction and
convection between flowing fluid and solid rock formation. In this improved model, the impact
of advective heat transfer and temperature on the material properties is measured distinctly. The

combination of heat conduction and advection is expressed as in Eq. (3.21).

2 2 2
0°T /16 T 0°T aT aT aT oT (3.21)

A 32 + 357 + A 372 + pcy vy ™ + pcyvy, @ + pyVz - +q, = Py 57

where vi is the fluid flow velocity in the i direction [m/s] (i = X, y, z), qu is the heat source of
volume [W/m®].

3.4  Fluid flow in rock formation (TOUGH2MP-TMVOC)

TOUGH2MP-TMVOC are massively parallel versions of TOUGH?2 code, specially designed
for efficient parallel simulation for multi-phase multi-component fluid flow under both
isothermal and non-isothermal conditions in porous as well as in fractured media. Furthermore,
the use of the TMVOC version has the added advantage of solving the problems dealing with
a multi-component mixture of volatile organic chemicals in multi-dimensional heterogeneous

porous media.

Gaseous, aqueous and hydrate phases generally exist in pores of hydrocarbon rock formations
and obey Darcy law during flow in a porous medium. The proportion of each phase is defined
as the average mole fraction in the phase over all phases in the specific zone. Therefore, the

sum of all mobile phases is equal to 1.
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YpSp=1 (3.22)
where Sg is the mole fraction in phase f [-], 8 is the mobile phase of gas, aqueous and hydrate.

The proportion of each component in these phases can be described in terms of average mole

fraction and the sum of all component in all phases is equal to 1.
Yexs=1 (3.23)
where x[’; is the mole fraction of component k in phase g [-].

In order to simplify multi-fluid flow in a porous medium, the whole model can be discretized
into small blocks, as shown in Figure 3.3, using the integral finite difference method 1%, The
small blocks having a sub-domain V in a flow system are bounded by a closed surface I;,. The

general mass and energy balance equation can be written in integral form as Eq. (3.24) [197;

d
—f Mkdvnzf Fk.ndrn+f g dv, (3.24)
d; Vn I V;

n n

where V, is the volume of arbitrary subdomain in the flow system [m?], I;, defines the closed
surface of Vi [m?], n is the normal vector on a surface element I, pointing inward into Vn, M
shows the mass or energy per volume [mol/m?], k is the mass components or energy component,

F denotes the mass or heat flux [mol/m?/s], q denotes sinks and sources [mol/m?/s].
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Figure 3.3 Schematic of discreate blocks

The general mass accumulation term and advection mass flux term, which are the sum of

phases, can be written in Eq. (3.25) and Eq. (3.26), respectively.
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3.25
T 29
B
(3.26)
F¥ = Z X§ Fg

where ¢ is the porosity [-], pg is the density of phase g.

According to Darcy law, multiphase multicomponent fluid flow in fracture and reservoir is

presented by fluid flow equation (Eq. (3.27)) and mass conservation equation (Eqg. (3.28)).

kipgp

Fp = k2% (7py — pgo) (327
Hp

(P pSprpxy)

where k is the absolute permeability [m?], k.p is phase relative permeability [-], ug is phase

viscosity [Pa.s], pg phase pressure [Pa], g is gravitational acceleration [m/s?].

The absolute permeability of phase B can be expressed using the work of Klinkenberg (1941)
[103] asin Eq. (3.29).

k= koo (1 + S) (3.29)

where k., is the permeability at infinite pressure [m?], b is the Klinkenberg parameter [-].

Several correlations exist in the literature that defines the relative permeability and capillary
pressure functions related to phase saturation. Among them, the widely accepted and used
correlations for two-phase (gas and liquid) flow are Corey’s relative permeability function (1954)

and Van Genuchten’s capillary pressure function (1980) (102,
ko, = §4 (3.30)
kg =(1—-5)%*1-S5?) (3.31)

where S = (S; — S;) /(1 — Sy — Syr), Sy is the residual liquid saturation [-], S, is the residual

gas saturation [-].
1
Peap = =Bp[(§7) " m —1]'"™ (3:32)
where Py, is the strength coefficient [Pa], m is the van genuchten’s shape parameter [-].
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The permeability of each fractured zone can be calculated using cubic law (Eg. (3.33)), as the
fluid flow through the fracture plane can be treated as flow between parallel plates.

(fw)? (3.33)

k==

where k denotes the fracture permeability [m?], w corresponds to fracture width [m] and f is

categorized as fracture roughness value [-].

The numerical stability needed for an efficient calculation for multiphase flow requires the
dealing of flux and sink/source terms for the next time level, i.e., t*1. The time discretization

results as a set of coupled non-linear equation (Eq. (3.34)).

At 3.34
Rz,k-i_l — Mrlf,k+1 _ Mrlf,k _ 7{2 Anm FnKT;,I:-l—l + anz,k'fl} — 0 ( )
n
m

where RI*** and M“*** are the residuum and mass of component k per unit volume in the n-

th element at time k+1 [mol/mq], respectively. At is the time step [s], Anm is the cross-section

area between the n-th and m-th element [m?], E*** is the flow term between elements at time

step k+1 [mol/m?/s], qﬁ"‘“ is the sink or source term in the n-th element at time step k+1

[mol/md/s].

By introducing an iteration index p and expanding the residuum term of Eq. (3.34) at iteration
step p+1, Eqg. (3.35) is achieved. Eq. (3.34) and Eq. (3.35) are solved by Newton-Raphson
iteration, which leads to Eq. (3.36).

Kk+1 Kk+1 aRz’k-‘-l
Rn (xi,p+1) = (R)n (xi,p) + z ax (xi,P+1 — xl-lp) +e...=0 (335)
i R
aRK,k+1
- z ( - > (xipsr = xip) = Ry (i) (3.36)
7 e

where x; ,, is the value of i-th primary variable at p-th Newton-Rapshson iteration step.
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3.5 Numerical study of multiple hydraulic fracturing and heat production
through a fictive model

This section presents and applies the mechanism of multiple fracturing in a fictive model using
FLAC3DP", In addition, stress shadow effects on subsequent hydraulic fracture geometry are
analyzed. Afterward, geothermal utilization through multiple tensor fractures is analyzed using

fluid flow simulator TOUGH2MP-TMVOC. The workflow of the numerical simulations is
shown in Figure 3.4.

1 Refresh of model
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Figure 3.4 Flow chart of the computing scheme during the numerical modeling [7¢]

3.5.1 Fictive model generation
A fictive ¥2 3D model with three rock formations is generated considering the symmetrical

geological conditions as shown in Figure 3.5. The pay-zone section (sandstone) of 100 m height
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is present between the cap rock (siltstone) and the basement (siltstone), having 50 m each in
vertical height/thickness. The % 3D model has dimensions of 250 m (x) x 450 m (y) x 200 m
(2) and is distributed into 105,000 rectangular elements. The cap and basement layers have very
low permeability, which provides support as good hydraulic boundaries. The initial stress and
pore pressure conditions are shown in Figure 3.6, while details of the mechanical and the
hydraulic properties of layers are given in Table 3.1.
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Figure 3.5 Schematic of the stratigraphy and %2 3D geometric model of the fictive reservoir
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Figure 3.6 Variation of primary stress and pore pressure with depth in the fictive reservoir
model
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Table 3.1 Hydraulic & mechanical properties of the model

Zones  Porosity [-]  Permeability Density Poisson’s Young’s
[m?] [kg/mq] ratio[-]  modulus [Pa]

Cap rock 0.025 1x 1018 2650 0.3 2.5 x 10%°

Pay-zone 0.1 1x10% 2600 0.25 3.5 x 10%

Basement 0.025 1x 1018 2650 0.3 2.5 x10%°

A horizontal well is located at the center of the reservoir layer at a depth of -3100 m, and the
direction of the horizontal well is along with the minimum horizontal stress (along the y-axis)
to facilitate the development of multiple tensile fractures. The first fracturing treatment is done
at a distance of about 36 m from one side of the geometric model (Figure 3.7(a)). A fluid volume
of about 650 m? is injected to create a fracture at a 7.2 m3/min injection rate with a water density
of 1040 kg/m?®. The initial and the final changes that occurred in minimum horizontal stress
(FLAC3DP!"s uses negative (-ve) sign values for stress presentation) are shown in Figure 3.7(b)
& (c). Due to the hydraulic fracturing operation, the minimum horizontal stress value has
increased from 52 MPa to 66 MPa, decreasing perpendicular to the fracture surface plane and
changing in the whole reservoir model. After the injection period of 90 minutes, the
configuration of fracture width is shown in Figure 3.7(d). It is noticed that, due to strong
hydraulic barriers of upper and lower formations, the fracture remains in the pay-zone layer
having a height and half-length of 100 m.
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Figure 3.7 Representation of (a) injection point in horizontal well of model (b) minimum
horizontal stress before hydraulic fracturing (c) minimum horizontal stress after hydraulic
fracturing (d) fracture width

In order to improve the performance of multiple fractures for geothermal energy production
through a horizontal well, a numerical study to investigate fracture deviation during propagation
is of vital importance. After the results of the first hydraulic fracture, the further simulations are
done in such a way that the changes occurred in the model after each fracture treatment
(sequentially) are engaged so that the performance of multiple hydraulic fracturing under the
influence of stress shadow of each subsequent fracture is analyzed. Thus, the influence of stress
shadow on each fracture geometry is investigated precisely. However, an appropriate selection
of fracture spacing is necessary. Normally, shorter fracture spacing is preferred due to the

greater chances of higher production rate and lower horizontal well cost. According to Rossel
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and Sharma ["® minimum fracture spacing for transverse fracture growth is defined beyond the
S5 contour, the region with a stress reorientation angle < 5°. This approach is adopted here, and
minimum fracture spacing is measured. Figure 3.8 shows the minimum horizontal stress
reorientation angle at the end of the injection period at injection depth. It can be seen that the
minimum fracture spacing under prevailing conditions is 52 m to acquire a denser multiple

fracture system.
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Figure 3.8 Angle of minimum principal stress reorientation at the end of injection at the
injection depth (z=-3100 m). Red lines represent the position of first fracture and green line
for the minimum subsequent fracture spacing

The sequential fracturing operation is conducted initially with the fracture spacing of 80 m as a
base case having the same injection plan as the first created fracture in the geometric model.
The corresponding configured four fracture model is shown in Figure 3.9 (a). It is observed that
the length and height of each created fracture are the same, i.e., 100 m, while the difference
exists in each fracture width. The minimum horizontal stress shadow at the end of four
fracturing operations is presented in Figure 3.9 (c). It is clearly observed that the stress shadow

interference exists among four fractures with variable intensity.
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Figure 3.9 Illustration of the four created fracture results (a) ¥ 3D model having four
fracture planes of 80 m fracture spacing (b) fracture widths (c) minimum horizontal stress
shadow (modified from Haris et al. [7®])

In order to investigate the stress shadow effects on each fracture width with different fracture
spacing, two simulations are conducted with 60 m and 120 m fracture spacing using the same
injection strategy as of the base case, i.e., 80 m. The %2 3D fictive model boundary and injection
plan for each hydraulic fracture are also kept the same. The only difference is the spacing among
fractures.

The comparative modeling results are shown in Figure 3.10. In the case of 60 m fracture
spacing, it is observed that the stress shadow interference has increased, and fracture width
changes radically. The results are rather opposite in the case of double fracture spacing (i.e.,
120 m). The stress distribution is fair enough to reduce the stress interference effect on each
fracture, and thus similar fracture geometry exists. Therefore, stress shadow has become a
source of fracture width variation in a multiple fracture system.

According to cubic law, the permeability of the created fracture directly depends on fracture
width. With the variation in individual fracture width, the flow conductivity of each fracture
cannot be the same. This analysis is adopted in fluid flow calculations among fractures for
energy production.
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Figure 3.10 Comparison of fracture width and stress shadow based on fracturing results with
fracture spacing (a) 60 m and (b) 120 m (modified from Haris et al. [7®1)

3.5.2 Modeling for geothermal energy production

After fracturing operations, energy production is analyzed. The model is imported to
TOUGH2MP-TMVOC for heat production estimations. This approach provides benefits for
accounting coupled thermo-hydro-mechanical effects in a time-efficient manner, especially in
the case of multiple fracture systems. Moreover, TOUGH2MP-TMVOC provides the ability of
multiphase, multi-component fluid flow through fractures and reservoir formations, facilitating
the temperature and pressure-dependent enthalpy, as well 1%, A geothermal doublet system
with one injection and one production well considering an innovative approach is used for
energy production modeling, as shown in Figure 3.11. Single production well located at the
center of fracture can provide the fluid flow from both sides of the created fracture wings,
eliminating the utilization of the second production well. Moreover, the production well’s
connection through the center of each created fracture provides the surety of fluid flow from
each fracture; thus, limiting the tendency of facing the problem of non-connected fractures to
the production well.
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Figure 3.11 Half model of injection & production wells arrangement passing through
multiple fractures (a) conventional approach (b) innovative approach

From fracturing results, each fracture zone has a height and length of 100 m. The distance
between the injection and the production well in the equivalent model is 40 m (Figure 3.12).
Injected fluid properties and rock parameters are provided in Table 3.2. The temperature from
top to bottom of the model varies from 204 °C to 213 °C using a geothermal gradient of 0.05
°C/m with surface temperature adjustment. Furthermore, to have good fracturing conditions in
the flow model, nearby zones are created along the fracture planes with smooth permeability
decrease in x, y, and z directions.
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Figure 3.12 Schematic of equivalent model showing four fracture planes after fracturing in
combination of injection and production wells with 80 m fracture spacing (modified from
Haris et al. [®1)
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Table 3.2 Rock and fluid parameters

Properties Values
Injected Fluid Water

Fluid injection temperature 55 [°C]
Thermal conductivity of rock formations 2.8 [W/m °C]
Specific heat of formations 965 [J/kg °C]
Bottom hole pressure of production well 30 [MP]

3521Casel

Firstly, geothermal energy production results are analyzed with 80 m fracture spacing base case.
Water with an injection rate of 2.5 kg/s is injected through each injection point for 20 years.
The corresponding production rate and enthalpy, which fundamentally depend on the flow
conductivity of individual fractures, are measured. During simulations, the production is taken
against a constant bottom hole pressure, i.e., 30 MP. Figure 3.13 shows the spatial distribution
of temperature variation at different times in the whole developed model. With the increase in
production period, the cold fluid temperature envelope expands both inside and outside of the

fracture planes due to heat conduction and convection.
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Figure 3.13 Spatial distribution of temperature variation at time (a) 0 year (b) 1 year (c) 5
years (d) 15 years and (e) 20 years of production with 80 m fracture spacing in the developed
model

The temporal evolution of temperature decline in four fracture planes after 1, 5, and 20 years
of production is shown in Figure 3.14. With the start of injection, the temperature near the
injection perforation zones declines to 55 °C, and the reduced temperature area reaches the
production point within one year of the production period. While comparing the results during
20 years of production, the lower portion of each fracture plane depletes initially, and the upper
part depletes afterward. It is due to the fluid movement under the gravitational effect and higher
cold water density [, The arrangement of injection from lower points and production from
upper points provides an added advantage for harnessing energy from the lower hot section of

the model.
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Figure 3.14 Temporal evolution of temperature decline in four fracture planes after 1, 5 and
20 years of production with 80 m fracture spacing

3.5.2.2Case 2

Case 2 represents the energy production based on the fracturing results of 60 m fracture spacing.
All four fractures have the same 100 m length and height but different fracture widths. The
injection and production wells are at the same depth as in case 1.

Figure 3.15 shows the spatial distribution of temperature variation at different times in the
developed model. The temperature declines in x, y, and z directions over time, while the rate of
temperature decline is more between the fracture planes. The lower fracture spacing has caused
more temperature decline of rock formation between the two fracture planes than the 80 m
fracture spacing results (see Figure 3.13). The temporal evolution of temperature decline in four
fracture planes after 1, 5, and 20 years of production with 60 m fracture spacing is shown in
Figure 3.16. The temperature decline inside the fracture planes is somewhat similar to case 1
but with variable intensity.
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Figure 3.15 Spatial distribution of temperature variation with 60 m fracture spacing in the
developed model at time (a) 1 year (b) 5 years (c) 15 years and (d) 20 years
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3.5.2.3Case 3

Case 3 is based on fracturing results of 120 m fracture spacing where stress shadow effects are
minimum, while all other geometric modeling parameters for the model are same as in case 1.
Furthermore, all four fractures have the same 100 m length and height but different stress-
dependent fracture widths.

The temperature reduction envelope expands with time, but due to the greater spacing among
two fractures in case 3, the less temperature depletes at the middle of fracture spacing (Figure
3.17). Whereas the temperature decline inside the four fracture planes is rather similar to case

1, but with variable intensity, as shown in Figure 3.18.
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Figure 3.17 Spatial distribution of temperature variation with 120 m fracture spacing in the
developed model at time (a) 1 year (b) 5 years (c) 15 years and (d) 20 years

Figure 3.19 shows the comparison of temperature decline trends within 20 years of time period
in four individual fractures with different fracture spacing. It is observed that variations in
temperature decline exist in fractures due to the different fracture configurations despite the
same injection plan. The sharp drop in temperature at an early time is due to the short distance
of only 40 m between injection and production perforation, which causes an early water
breakthrough at production perforation. In case with 60 m fracture spacing, the produced fluid
temperature from the first and second fracture decreases more quickly compared to the third

and fourth fracture due to the large variation of fracture geometries.
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As the individual fracture configuration is least affected by stress shadow in the case of 120 m
fracture spacing, the temperature decline is quite similar in each fracture plane. It is conceivable
that the breakthrough at the production end can be delayed with the increase in distance of
injection and production location.

Figure 3.20 illustrates cross-sectional views of the temperature decline in the model at injection
depth of -3100 m during different times of energy production with different fracture spacing. It
can be clearly observed that the temperature reduction envelope between fractures increases
over time. In addition, with 120 m fracture spacing, the whole model experiences the
temperature decline in an equal proportion during 20 years of production.
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Figure 3.20 Cross-sectional view of the temperature decline inside the model at injection
depth i.e. -3100 m with different fracture spacing after (a) 1 year (b) 5 years and (d) 20
years of production

3.5.2.4 Comparative analysis & discussion

This section compares the obtained energy results through numerical modeling of the fictive
model with different fracture spacing. The difference in injection and production enthalpies
provides a good measure of heat production through the simulated model. The produced net

energy can be calculated using the following relationship *%I;
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H =q (h; = h) (3.37)

where q is the production rate [kg/s], hi is the enthalpy of injected water [J/kg] and ho is the
produced fluid enthalpy [J/kg].

A comparison of net-energy contribution (%) for each fracture after 1, 5, and 20 years of
production with variable spacing is illustrated in Figure 3.21. It can be seen that, with 60 m
spacing, the first fracture is contributing least, while the fourth fracture is contributing
maximum in terms of energy production. This trend remains the same throughout the 20 years
of life span. In the case with 80 m fracture spacing, the contribution rate somewhat becomes
homogenous compared to the 60 m spacing case. However, the first and second fractures are
still contributing less than the third and fourth fractures. An analogous heat contribution is
observed with 120 m spacing, which identifies enough spacing for homogeneous heat
production through each fracture. It is observed that the unevenness of energy contribution
through each fracture is amplified due to the shorter distance among fractures in the case of 60
m spacing. Furthermore, the shortcut in energy contribution in a multiple fracture system

becomes more prominent with the lower fracture spacing.
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Figure 3.21 Net energy contribution (%) through each fracture after 1, 5 and 20 years of
production with 60 m, 80 m and 120 m fracture spacing ["®]
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The rise in fluid temperature depends on the time duration it spends inside the fracture before
production. If the fluid stays in fracture for a longer period, the fluid temperature rises more
due to heat conduction through the hot surrounding environment. Higher fracture permeability
allows fluid to flow further away from the injection point parallel to the fracture plane before
reaching the producing end, absorbing more reservoir heat. The comparative results of
cumulative energy produced and heat production power with time through individual fracture
with different spacing are presented in Figure 3.22. In the case of 60 m spacing, fluid is
produced too early without spending much time in the first and second fracture compared to the
third and fourth fractures. Energy trends become closer for each fracture in the case of 80 m
distance. However, 120 m spacing is quite enough to compensate the fracture’s permeability

variations in terms of less interference among fracture fluid flow area to contribute to heat

production.
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Figure 3.22 Comparative results of produced net heat and heat production power within 20
years with fracture spacing of (a) 80 m (b) 60 m and (c) 120 m [76]

Figure 3.23 shows the cumulative energy produced from combined four half fracture areas
during 20 years of production with different fracture spacing. It can be seen that the rate of

energy production is high at the early times of production and decreases with time due to
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depletion of in-situ thermal energy. But the difference in energy contribution through multiple

fractures with variable spacing remain consistent.

6.0E+08

H60m m80m m120m
5.0E+08
4.,0E+08

3.0E+08

2.0E+08

1.0E+08 II 'Il
ooer0p | oec Ol n

Y 02 A2 R o 10 o A o 6§01 19 00 1O O (1O of of O
07 07 A7 AT 27 67 67 07 AT &7 57,07 W a7 07 B 07 07 AT DT KD A

Time [y]

Total energy produced [MJ]

Figure 3.23 Schematic of cumulative energy produced during 20 years through combined four
half fracture model with 60 m, 80 m and 120 m fracture spacing [7]

Figure 3.24 shows the total production power from combined four half fracture areas during 20
years of production with different fracture spacing. From the beginning, maximum energy is
produced with 120 m fracture spacing, which corresponds to maximum thermal production
power of 3.7 MW compared to 80 m and 60 m spacing, while the difference in this contribution

rate becomes less till the end of 20 years of production.
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Figure 3.24 Schematic of heat production power during 20 years through combined four half
fracture model with 60 m, 80 m and 120 m fracture spacing [6]
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3.5.3 Impact of variable fracture area on energy production

In previous cases with 60 m, 80 m and 120 m fracture spacing, the resultant fracture length and
height were same for each fracture, while stress shadow only affected the fracture widths. In
this section, numerical modeling is done with variable fracture areas as their impact on
geothermal energy production is still un-explained and in realistic situation, the chances of
similar fracture areas are very less.

In order to investigate the impact of variable fracture areas on geothermal energy production, a
fictive %2 3D model having three rock formations is generated as shown in Figure 3.25 (a). The
model dimensions are same as of previous cases and the fracture spacing is taken as 120 m.
Numerical simulation of four hydraulic fracturing is conducted with same injection rate but
with variable injection time for different fractures to facilitate the generation of variable fracture
areas. The fluid volume of about 540 m3, 420 m3, 300 m® and 180 m? is injected to create first,
second, third and fourth fracture, respectively. The individual fracture geometry with width is
shown in Figure 3.25 (b), while the corresponding minimum horizontal stress shadow is shown
in Figure 3.25 (c). All four fractures attain the available vertical height quickly and remain in
pay zone due to strong upper and lower hydraulic barriers. By lowering the injection volumes,

fractures having lower areas are created.
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Figure 3.25 Illustration of generated fracture with (a) %2 3D model having four fracture
planes of 120 m fracture spacing (b) widths (c) minimum horizontal stress shadow.

3.5.3.1 Geothermal energy production through variable fracture areas

After obtaining fracturing results, geothermal energy production through variable fracture areas
are calculated. The distance between the injection and the production well is taken as 40 m
(Figure 3.26). Each fracture zone has the height of 100 m but with variable fracture half-length
as shown in Figure 3.26 (b). Moreover, nearby zones are created with smooth permeability

reduction in X, y and z directions along the fracture planes.
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Figure 3.26 Schematic of equivalent model (a) after fracturing in combination of injection
and production wells (b) having variable fracture areas
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It is observed that due to variable fracture areas, all four fractures behave differentially for
energy production (Figure 3.27). The first fracture being the largest one depletes more in terms
of fracture area as compared to other three fracture planes. While, in fourth fracture plane
having the least fracture area, the cold temperature envelope remains somewhat within the
fracture plane and the smallest area around the plane depletes in comparison with other fracture
planes (Figure 3.28).

Figure 3.29 (a) shows temperature decline through four fractures. As the fracture area reduces
from first to fourth fracture, the rate in temperature reduction increases. The fourth fracture
shows an early water breakthrough compared to other fractures. Furthermore, fluid from least
fracture area is produced more quickly and spends less time in fracture. It carries low
geothermal energy compared to larger fracture areas (Figure 3.29 (b)). Therefore, it is
concluded that fracture area has direct impact on geothermal energy production. Larger fracture
areas are required to harness maximum thermal energy from geothermal reservoir and to make

a geothermal project feasible under economic constraints.

1 Year 5 Years 20 Years

Distance [m] Distance [m] Distance [m]
12 12 12

-3000 -3000 -3000

E

Frac. 1 o 3100 -3100 -3100
2

TVD [m]

-3200 -3200
Distance [m] Distance [m] Distance [m]

-3000 -3000

-3200

-3000

-3100 -3100

TVD [m]
TVD [m]

Frac. 2 §_3100
2

-3200
Distance [m] Distance [m] Distance [m]
12 12 12 . 100

59e+01

<Q> Injection point

-3200

-3000 -3000

E

Frac. 3 o 3100 -3100
=

TVD [m]
TVD [m]

-3200 <}~ Production point

Distance [m] Distance [m] Distance [m]
12 12 12

-3200

-3000 -3000

m]

E

Frac. 4 5-3100 -3100

TVD [m]

23100
=

-3200 -3200 -3200

Figure 3.27 Temporal evolution of temperature decline in four fracture planes after 1, 5 and
20 years of energy production
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Figure 3.28 Cross-sectional view of the temperature decline in the model having variable
fracture areas at injection depth i.e. -3100 m with 120 m fracture spacing after (a) 1 year (b)
5 years (c) 15 years and (d) 20 years of energy production
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Figure 3.29 Trends of (a) temperature decline in four fractures having variable areas (b)
produced net energy and heat production power

Summary

In this chapter, numerical study for heat exploitation is carried out through tight geothermal
formations by employing state-of-the-art software FLAC3DP'“-TOUGH2MP-TMVOC.
Multiple sequential hydraulic fracturing operations through horizontal well are conducted to
investigate the influence of stress shadow on individual fracture geometry by adopting different

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 77



3. Numerical study of geothermal heat production through multiple hydraulic fractures in a horizontal
well in consideration with stress shadow effects

fracture spacing cases. The fracturing results show that fracture spacing has significant effect
on the final configuration of individual fractures. With the decrease in fracture spacing, stress
shadow effect is significant, which ultimately changes the fracture width and fluid flow
performance. However, this effect is considerably reduced with the increase in fracture spacing.
Afterward, multiple fracturing results are used for heat production simulations. By adopting an
innovative approach with a single production well that passes through the center of each
fracture, heat from both sides of fracture wings can be produced. In addition, this well
arrangement provides the confirmation of each fracture connection to the production well.
However, due to differences in individual fracture geometry, the energy contribution through
multiple fractures is not equal even though the injection plan for each case is the same. An
earlier and sharp decline in production temperature for each fracture is observed due to small
fracture areas and less distance between the injection and production wells, i.e., 40 m. It is
pragmatic that the distance between injection and production wells can set the time for a thermal
breakthrough at producing end.

The analysis of fluid flow through variable fracture areas shows low energy contribution from
lower fracture areas. Higher production temperature and energy contribution is observed as the
fracture area increases. Therefore, larger stimulated fracture areas are required for higher energy
production. The assumption of considering similar fracture shapes and widths for energy
production from multiple fracture system without analyzing stress dependent fracture’s
configuration may lead to erroneous results.

The fictive model study having multiple hydraulic fractures is conducted with small fracture
areas having maximum half-lengths and heights of 100 m. The stress shadow effects are
unknown for gigantic multiple fracturing operations as large quantities of fluid may need to be
injected for massive multiple hydraulic fracturing. The further analysis has been carried out in

the next chapter.
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4  Geothermal exploitation through massive multiple hydraulic
fractures; a case study of a geothermal field in the North
German Basin (MHH-GeneSys)

Geothermal resources in Germany are limited to intermediate and low enthalpy ranges. The
total geothermal resources available to generate electricity have been estimated at 2100 EJ (1
EJ =1 x 10'8)J). In addition, these resources are bound to petrothermal reservoirs (about 96 %),
faults (about 4 %), and hydrothermal resources (about 1 %). However, the exploitation of
hydrothermal reservoirs has been more successful than petrothermal reservoirs so far [, In
addition, more than 180 geothermal installations are in operation for direct heat utilization that
has cumulative heat production of about 1259.9 GWh 71 In Germany, significant geological
settings for geothermal energy are found in the Upper Rhine Graben, the North German Basin
(NGB), and the South German Molasse Basin, as shown in Figure 4.1. The Upper Muschelkalk
and Bunter formations in the Upper Rhine Graben, Mesozoic sandstone units in the NGB, and
the Malm in the South German Molasse Basin have been identified as noteworthy geothermal

potential horizons [107: 1081,
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Figure 4.1 Regions and temperature ranges of hydrothermal resources in Germany (adapted
and modified from Suchi et al. [1%)
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The geothermal potential of the NGB has been estimated more than 13000 EJ as heat in place.
However, it has been exploited by few localities so far [2°1, In the 1980s, several wells were
drilled in the NGB to utilize deep hot water resources at different locations (e.g., Waren,
Neustadt-Glewe, etc.). Since 1995, the Neustadt-Glewe geothermal plant had been used for heat
production, but in 2003 it was converted into combined heat and power system with an installed
working capacity of 0.2 MWe. This plant is considered a pilot electricity generation plant from
a low enthalpy reservoir in Germany. However, due to low working capacity and economic
reasons, the power production was shut down in 2012 26110 Cyrrently, different power plants
such as Dirrhaar, Insheim, Kirchstockach, Traunreut, Sauerlach, and Taufkirchen are in
operation with variable working capacity in different basins of Germany 14,

Among other renewable energy resources, Geothermal energy has a significant role in making
the environment “greener,” and Germany is expanding its energy transition capability towards
geothermal energy production. Figure 4.2 (a) shows the installed capacity and annual
production of major geothermal fields operating in Germany, while Figure 4.2 (b) shows the
maximum operating flow rates. Primary uses of produced energy vary from electricity
generation to district heating based on the working capacity and temperature of the produced
fluid. The installed capacity for electricity generation through geothermal power has been
increased from 6 MW to 37 MW during 2010-2019. At the same time, annual production has
been increased from 23 GWh to 168 GWh (Figure 2 (c)). Based on these statistics, it is
conceivable that the role of geothermal energy production and especially for electricity
generation will be quite dynamic in the future.

In this chapter, a comprehensive investigation of heat and electricity production through a
geothermal region in Hannover (Germany) has been performed by conducting massive multiple
hydraulic fracturing operations through a horizontal well using the field data of the GeneSys
EGS project. Moreover, the performance optimization through configured fractures geometries
for energy contribution is analyzed. The case study has been performed well with the help of
post-developed numerical simulators FLAC3DP"S and TOUGH2MP-TMVOC.
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4.1 Overview of the EGS project — (GeneSys)

The EGS project- GeneSys is located in the North German Basin Hannover area with moderate
temperatures ranging from 130 °C to 190 °C. The GeneSys project was started after the
successful results obtained from the initial test well in the nearby area “Horstburg” under similar
subsurface geological conditions, where massive fracturing operation was performed using
fresh water due to the existence of low permeable sedimentary formations. The experience of
the Horstburg project gave the confidence to use fresh water alone for massive hydraulic
fracture in the GeneSys project as well. In this geothermal project, a single borehole was used
to obtain the geothermal energy from the sedimentary rock formations. The stratigraphic
sequence along with the temperature gradient is shown in Figure 4.3.
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Figure 4.3 Geological profile, well completion and formation temperature of the GeneSys
borehole 12

The purpose of this project was to produce 2 MW thermal energy to fulfill the energy
requirement of surrounding residents. A massive single hydraulic fracturing operation was
performed on the targeted formation of Buntsandstein at a depth of -3660 m by injecting 20,000
m? of fresh water carrying no proppant to acquire the fracture area of 1.1 km? The whole
fracturing operation was performed in 5 days with several injection pauses. Several tests were
also performed to check stress levels and fracture development, and it was found that the
fracture had retained its high conductivity without any proppant usage [**112, In addition, no
large magnitude of seismic event was recorded. After six months of shut-in, a significant amount
of water was recovered with low production rate. However, regained water was oversaturated
with salt at surface conditions and high-temperature reduction caused the formation of a salt plug
inside the tubing due to cooling-induced precipitation. One year later, the salt plug was removed
using the coil tubing technique; however, high temperature reduction and extreme water salinity
were major reasons for project breakdown (Figure 4.4). Therefore, geothermal exploitation
through the GeneSys EGS using a single well with low flow rates could not provide acceptable

results (1121,
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Figure 4.4 Local media of Hanover reported that the Genesys geothermal facility had ceased
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In this case study, an enhanced geothermal system for a region in Hannover MHH-GeneSys is
proposed to integrate heat and electricity production, as shown in Figure 4.5. Furthermore,
geothermal exploitation from multi-well multi-fracture systems can solve the salt production
problem due to the continuous circulation of fluid. Using the engineering data of the GeneSys
project, a single hydraulic fracture is created to verify the simulated model firstly. Afterward,
the state-of-the-art software FLAC3DP"s and TOUGH2MP-TMVOC are used to design the
gigantic multi-fracture schemes in this particular area while considering stress superposition
effects. Correspondingly, the heat extraction performance for heat and electricity production is

evaluated.

4.1.1 Model generation and parameters

The true representation of the reservoir model is depicted by the actual prevailing geological
and strati-graphical conditions. The reservoir consists of several layers of sandstone formations
sandwiched between rock salt formations. Considering symmetrical geological state, a ¥4 3D
model is generated that lies at a depth between -3287 m and -4100 m and discretizes into 36,520
rectangular blocks having dimensions of 1300 m (x) x 100 m (y) x 813 m (z), respectively
(Figure 4.6). The injection perforation is located at a depth of -3660 m in volpriehausen-
sandstone formation, while the temperature of the model varies according to the geothermal
gradient of 0.03 °C/m. The mechanical and hydraulic parameters of rocks and fluid are
presented in Table 4.1 and Table 4.2. Furthermore, the three-dimensional stresses at initial

conditions are shown in Figure 4.7.

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 84



4. Geothermal exploitation through massive multiple hydraulic fractures; a case study of a geothermal

field in the North German Basin (MHH-GeneSys)

Z
X
v ﬂ&

B Unteres-Rotsalinar
Solling-Folge
Detfurth-Wechselfolge
Detfurth-Obherbank
Detfurth-Zwischenmittel
Detfurth-Unterbank
Avicula-Schichtene

Volpriehausen-VWechselfolge

Bernburg-Folge
Calvorde-Folge

I Volpriehausen-Sandstein
Zechstein

7,"( Injection point

-3287 m

-4100 m

Figure 4.6 Schematic of ¥ 3D reservoir model along with stratigraphy

Table 4.1 Mechanical parameters of the model (14

Depth Layer Density, Young Poisson  Bulk Shear Tensile Tectonic
(top) p Modulus ratio,v  Modulus Modulus strength, stress, 6t
y E y K y G Ot
[o/cm®]  [GPa] [-] [GPa] [GPa] [MPa] [MPa]

-3287  Unteres 2.19 39.15 0.226 23.84 15.96 0.5 0
Rétsalinar

-3424  Solling-Folge 2.71 33.55 0.236 21.20 13.57 2.61 25.3

-3504  Detfurth 2.72 46.11 0.228 28.21 18.78 2.61
Wechselfolge

-3521  Detfurth- 2.72 59.08 0.220 35.15 23.21 2.61 25.3
Oberbank

-3527  Detfurth- 2.71 70.92 0.207 40.40 19.37 2.61 25.3
Zwishcnmittel

-3533  Detfurth- 2.69 55.35 0.200 30.72 23.07 2.61 25.3
Unterbank

-3542  Avicula- 2.67 65.38 0.215 38.17 26.92 2.61 25.3
Schichten

-3556  Volpriehausen 2.71 63.90 0.222 38.34 26.14 2.61 25.3
-Wechselfolge

-3636  Volpriehausen 2.70 61.83 0.213 35.89 25.49 2.61 25.3
-Sandstein

-3662  Bernburg- 2.72 64.09 0.225 38.87 26.16 2.61 25.3
Folge
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-3773  Calvorde- 2.72 64.09 0.232 39.90 2.61 25.3
Folge
-4000  Zechstein 2.25 39.15 0.226 23.84 0.5 0
Table 4.2 Hydraulic parameters of the model [124]
Depth Layer Permeability, Porosity, Viscosity,p Biot Biot
(top) k(x,Y, 2) i) coefficient coefficient
horizontal, vertical, ay
Oh
[m?] [%0] [Pa/s] [-] [-]
-3287 Unteres 1.00% 10.0 0.001 0.0 0.0
Rétsalinar
-3424 Solling-Folge 2.00"7 11.4 0.001 0.6 0.6
-3504 Detfurth 2.00Y 9.7 0.001 0.6 0.6
Wechselfolge
-3521 Detfurth- 1.02:16 7.9 0.001 0.6 0.6
Oberbank
-3527 Detfurth- 2.04°16 6.7 0.001 0.6 0.6
Zwishcnmittel
-3533 Detfurth- 2.00Y 5.7 0.001 0.6 0.6
Unterbank
-3542 Avicula- 2.40°Y 5.6 0.001 0.6 0.6
Schichten
-3556 Volpriehausen-  2.00°% 7.1 0.001 0.6 0.6
Wechselfolge
-3636 Volpriehausen-  2.00°Y 6.1 0.001 0.6 0.6
Sandstein
-3662 Bernburg-Folge 2.5578 5.7 0.001 0.6 0.6
-3773 Calvorde-Folge  2.00°Y 5.7 0.001 0.6 0.6
-4000 Zechstein 1.00% 0.1 0.001 0.6 0.6
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Figure 4.7 Variation of (a) maximum horizontal stress (b) minimum horizontal stress and (c)
vertical stress

While defining initial conditions, the pore pressure is assumed to be hydrostatic, having a
hydraulic gradient of 0.01 MPa/m at the top of the sandstone layer. The minimum horizontal
stress (ay,) exists in the y-direction, while maximum principal stress is taken along the vertical
z-direction. The vertical stress (a,,) can be calculated using Eq. (4.1), which is the integral of
density over depth for each formation. Eq. (4.2) can be used for computing the minimum

horizontal stress values using pore pressure and vertical stress. The maximum horizontal stress
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is usually considered intermediate stress and is calculated by averaging the vertical and

minimum horizontal stress values (Eq. (4.3)).

n
4.1
Oy = zpi g Ah; (4.1)
i=1
v
op = 1_v(av—av.P)+ah.P + Otec 4.2)
o, + o
oy = UTh (4.3)

where, p is the density of layer [kg/m®], g is the gravity [m/s?], h is the layer thickness [m], a,,
is the vertical Biot-coefficient [-], a;, is the horizontal Biot-coefficient [-], v is the Poisson ratio

[-].
4.1.2 Verification of simulation model

The study results of Tischer et al. [**2] are used to verify the simulation model based on pressure
history matching. A total volume of 20,000 m® of pure water is injected with a 5.4 m®/min
maximum injection rate. Fracturing operation is continued for around 110 hours with several
injection pauses. Initially, fracture propagates faster vertically until it intersects with the strong
upper boundary barrier and, latterly, in the horizontal direction. At the end of the injection, a
large fracture with a half-length of about 1160 m and a fracture height of 390 m is obtained
(Figure 4.8 (a)). Figure 4.8 (b) shows the half fracture geometry at the end of the injection
period. The maximum half width of 1.85 cm is obtained opposite to the formation having the

least value of minimum horizontal stress at the end of injection.
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Figure 4.8 Illustration of (a) fracture geometry by hydraulic fracturing at the end of injection
(b) fracture width along the horizontal & vertical directions in reservoir

Figure 4.9 shows injection volume and fracture volume evolution throughout the injection
period. At earlier intervals of the injection phase, fracture volume increases almost linearly with
the injection volume. During the shut-in phases, the fracture volume reduces and the reduction
rate increases with time, while the leak-off volume rises. Generally, higher permeability of
formations causes a higher leak-off rate. However, the leak-off volume is very less due to the

lower permeability of formations, and hence the created fracture retains its volume and shape.
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Figure 4.9 Evolution of injection and fracture volume over time

In field operations, well head pressure is measured during hydraulic fracturing. Depending on
the well depth, hydrostatic pressure of the water column can be calculated and added in well
head pressure to obtain the bottom hole pressure. Furthermore, friction and fluid flow pressure
losses along the well path as well as in perforation are also added to well head pressure 141,

Mathematically, it can be described as in Eq. (4.4).
BHP = WHP + pfluidgh — APnear wettbore — Apflow (4.4)

where BHP is the bottom hole pressure [Pa], WHP is the well head pressure [Pa], p is the fluid
density [Ka/m3], Appear webore 1S the near-wellbore friction pressure loss [Pa], Apsiow 1s the

fluid flow pressure loss in the wellbore [Pa].

After converting surface treating pressure to bottom hole pressure encompassing hydrostatic
pressure and frictional losses, the comparison of the simulated BHP and measured BHP is
shown in Figure 4.10. Due to many uncertainties, an exact match is not possible. However, the
simulated result matches the measured one well, proving the suitability and acceptability of

used parameters and stresses to model fracturing operations.

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 90



4. Geothermal exploitation through massive multiple hydraulic fractures; a case study of a geothermal
field in the North German Basin (MHH-GeneSys)

2 Measured BHP 20

e Simulated BHP 18

= 90 . |,
(-9 Injection rate 16
2 g5 1 =
2 E
a4 80 o
g 8
=15 10 E
% 75 8 _g
< g
£ 5 2
5 70 z
k= 4
@ 65
2
60 0
0 50 100 150 200

Injection time [h]
Figure 4.10 Comparison of the simulated BHP with measured BHP over time
4.2  Multiple hydraulic fracturing

After validating the geometric/numerical model, an innovative idea is implemented to analyze
the large geothermal area by creating 10 — 12 hydraulic fractures to one side of the well having
approximately 5 km? fractured area based on the schematic fracture pattern, as shown in Figure
4.11. It depicts the combination of multistage hydraulic fracturing with three vertical wells. It
is planned to create each fracture sequentially with lower injection fluid volumes. This approach
can provide extra advantages of exploiting a larger geothermal area with lesser seismic activity
and reduce the drilling investment cost compared to energy production.

In order to investigate the influence of stress shadow on each fracture geometry, suitable
fracture spacing is crucial. As discussed in chapter 3, minimum fracture spacing for transverse
fracture growth is defined beyond the S5 contour, the region with a stress reorientation angle <
50 I8 Figure 4.12 shows the minimum horizontal stress reorientation angle at the end of the
injection period at -3660 m injection depth. It can be seen that the minimum fracture spacing

under the prevailing conditions is 57 m to acquire a denser multiple fracture system.
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Figure 4.11 Schematic of the proposed multiple fracture pattern through multi-wells of water
injection and production
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Furthermore, the accuracy and time consumption for the numerical modeling of multiple
fracturing operations are highly dependent on the simulated model’s geometry and the number
of elements. After conducting numerous simulations, a model with three massive fractures is
adopted due to multiple-fracture geometry constraints. The 3D % geometric model with three
injection points to create three sequential fractures is shown in Figure 4.13 (a). The horizontal
length of the model is reduced to 700 m, while 60 m fracture spacing in the y-direction is used
as a base case. The lateral size of the model in the y-direction is 183 m. Three fractures are
generated through the sequential fracturing technique after injecting 21,600 m? of total fluid
volume. Table 4.3 provides information about injection parameters and model properties. All
three fractures are created following the same injection parameters and conditions with pure
water having no proppant. It is observed that minimum horizontal stress has drastically
increased from 69 to 95 MPa, especially at the middle region of the geometric model (Figure
4.13 (b) & (c)).
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Figure 4.13 3D % geometric model showing three fractures injection points with (a) 60 m
fracture spacing, (b) prevailing minimum horizontal stress before fracturing, and (c)
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Table 4.3 Injected fluid and rock parameters for multi-fracture modeling

Parameter Value
Injected fluid Water

Injected fluid volume per half fracture 3600 [m?]
Injection rate per fracture 5.4 [m3/min.]
Specific heat of formations 1200 [J/kg °C]

Thermal conductivity of rock formations 2.5 [W/m °C]

The minimum horizontal stress at the cross-section along the x-z plane (y = 0) of each generated
fracture provides valuable information related to individual fracture geometry, shown in Figure
4.14 (b). The highest increase in horizontal stress is observed in the third fracture, which is
created at the end. The variations in fracture width and shape can be more prominent in massive
fracturing operations as higher fluid volumes are used to create large fractures. This can be seen
by analyzing the obtained results of fracture geometries, as illustrated in Figure 4.14 (c). The
highest fracture width in the first fracture is present at the upper section of the formation
opposite to the least minimum horizontal stress. The shape, width, and area of second and third
consecutive fractures significantly depend on the stress shadow of the first and second fractures,
respectively. Higher fracture width at the upper side of the first fracture restricts the propagation
of the second fracture at the upper side. Therefore, the maximum fracture width of the second
fracture exists at the lower depth. In addition, the height of the second fracture is increased,
while fracture half-length is reduced. It is important to recognize that the minimum horizontal
stress value is larger at greater depths than the lower depth (upper side of the model) at initial
conditions. The maximum width of the second fracture at the lower portion is due to the stress
shadow effect of the first fracture, which provides hindrance in the fracture propagation at the
upper side. A similar trend is observed for the third fracture as well but in the opposite manner.
The stress shadow of the second fracture forces the propagation of the third fracture with
maximum fracture width at the upper side. Furthermore, the configuration of the third fracture
is highly distorted with increased fracture half-length compared to the other two fractures.
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Figure 4.14 Minimum horizontal stress along three fracture planes and fracture widths with
60 m spacing

To comprehend the stress shadow influence concerning fracture spacing in this particular area,
fracturing simulations are performed further with 80 m, 120 m, 140 m, and 200 m fracture
spacings successively. The corresponding results of three fracture widths and configurations
are shown in Figure 4.15. The results of 80 m spacing are somewhat similar to 60 m spacing
(base case) but with a smooth increase in the third fracture height. Moreover, the maximum
width of the third fracture reduces and occurs at the short middle portion of the fracture. It will
allow the fracture to propagate in the lower formations as well. As the fracture spacing increases
from 80 m to 200 m, the homogeneity in the second and third fractures also increases. However,
even with 200 m fracture spacing, a similar fracture pattern is still not achieved due to stress
interference among the fractures. The comparison also depicts that the propagation of the third
fracture is highly dependent on the configuration of the second fracture. The geometry of the
third fracture is somewhat inverse to the second fracture. Therefore, it can be concluded that
the continuation of the second and third fracture patterns may occur alternately in the case of a
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larger number of fracturing operations. Although, with more fracture spacing, chances of
similar fracturing patterns increase. However, increased fracture spacing requires a longer
horizontal section that can cause an extra burden in drilling, completion, and well operation

costs 1151,
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Figure 4.15 Comparative configurations of three fractures with corresponding widths over
80, 120, 140, and 200 m fracture spacing (modified from Haris et al. [6])

Stress shadow effects in the geometric model can be further elaborated by mapping iso-surface
contours inside the geometric model. Figure 4.16 demonstrates the comparison of minimum

horizontal stress iso-surface contours between 60 m, 140 m, and 200 m fracture spacing with
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front views (a), top views at the injection depth (b), and side views (c). The horizontal well and
clip location are highlighted as well. In the case of 60 m spacing, the stress shadow is compacted
due to the large interference of three fracturing operations that have created a significant
distortion in respective fracture shapes. In the case of 140 m spacing, contours are fairly
distributed in the model showing less intrusion of stress shadow among fracture planes. While,

for 200 m spacing, the smoothness among the fracture is highest.
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Figure 4.16 Iso-surface contours of different minimum horizontal stress values (a) front view
(b) top view at the injection depth and (c) side view in the simulated model for 60 m, 140 m
and 200 m fracture spacing

As the objective of this case study is to achieve about 5 km? fractured area after hydraulic
fracturing for geothermal energy production, 140 m qualifies for desired results. Based on the
3-fracture results, a model of the 12-fracture pattern with the same fracture spacing and stress
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shadow is designed. The half model is shown in Figure 4.17 (b), which will be further used to

investigate geothermal energy production in the next section.
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Figure 4.17 Schematic of (a) three fractures and (b)12-fracture pattern for geothermal
exploitation with 140 m fracture spacing

4.3  Geothermal exploitation through configured multiple fracture model

Firstly, an equivalent model of three fracture patterns is used to investigate each fracture’s
coupled fluid flow and heat transfer. For this purpose, the model is represented in Figure 4.18
(a), and the dimensions of the model are the same as of the fracturing model. The fluid flow
and heat transfer equations have already been presented in chapter 3. The temperature from top
to bottom of the model increases from 152 °C to 177 °C by considering a geothermal gradient
of 0.03 °C/m with surface temperature adjustment, which also corresponds to the reservoir
temperature of the GeneSys geothermal site (2, The second horizontal well is drilled at a depth
of -3500 m to produce heated water, which is at a quarter (1/4) depth of the least fracture height.

The purpose of using this depth for production well is to make sure the flow contribution
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through each fracture and enough upper height from the salt bearing formation. Water is
injected at a rate of 12 L/s through the injection well, and it is assumed that flow is distributed
equally among three fractures, i.e., 4 L/s, by adopting the limited entry completion technique
351 The corresponding production rate at the specified bottom hole pressure is measured. The
rock and fluid parameters used for geothermal exploitation are expressed in Table 4.4.

Table 4.4 Rock and fluid parameters for geothermal exploitation

Parameters Values
Injection fluid temperature 60 [°C]
Production well depth -3500 [m]
Injection fluid Water
Distance between injection & production wells 160 [m]
Injection rate per fracture 4 [L/s]
Specific heat of formations 1200 [J/kg °C]
Thermal conductivity of rock formations 2.5 [W/m °C]

Figure 4.18 (c) shows the 3-dimensional temporal evolution of temperature decline in fractures
with a green horizontal line as an injection well and a red horizontal line as a production well.
In addition, the injection and production points are highlighted with the corresponding colors.
It can be observed that during continuous cold-water injection, the temperature inside the

fractures decreases with time.
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Figure 4.18 Schematic of (a) an equivalent model having three fracture patterns with 140 m
spacing (b) model temperature before production (c) temperature variation inside fractures at
the different time interval

A further elaborated view in 2D (y = 0) of the spatial distribution of temperature decline inside
the fracture planes is shown in Figure 4.19. As the injection begins from the injection point, the
low-temperature region is formed around the injection perforation interval. The cold front
increases outside and follows a circular shape in expansion. The cold front almost reaches the
production point within one year of production with a temperature greater than 60 °C.
Afterward, the rate of lateral expansion of cold front movement along the x-direction reduces
and increases in the y-direction. The first and third fractures, having lower fracture heights
compared to the second fracture, contribute fully through vertical dimension. However, the
lower portion of the second fracture contributes less due to earlier connection development
between injection and production points. The lower portion of the second fracture plane still
has a higher temperature even after 30 years of production. It is also observed that even after
30 years of production, the cold front is unable to produce the energy from all of the fracture
areas. Only about %2 of each fracture’s half-fracture area contributes to energy production until

the end of 30 years.
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Figure 4.19 Temporal evolution of temperature decline in three fracture planes after 1 month,
1 year, 15 years and 30 years of production

Figure 4.20 shows the temperature decline of the produced fluid through each fracture. Initially,
the fluid is produced at the formation temperature of about 160 °C, and a little rise in
temperature is observed due to heat conduction. Subsequently, the temperature drops sharply.
Within six months of production, the temperature has dropped to 125 °C. This is due to the fact
that during early period of injection, heat transfer is manily through heat convection between
cold & hot fluids. Heat conduction between injection fluid and surrounding rock is relatively
slow that takes place at the later stage. After ten years of production, the rate of temperature
decline becomes smooth for the rest of the production period. It is noted that, even with different
fracture dimensions and configurations, each fracture shows quite a similar temperature decline
trend through this huge fracture system. Depending on injection and production fluid enthalpies,
the heat production power can be calculated using Eq. (3.37).
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Figure 4.20 Production temperature decline trends within 30 years in three fractures

Based on the three fracture results, an equivalent model of the 12-fracture pattern is designed
for geothermal energy production, as shown in Figure 4.21. The distance between the injection
and production wells is 160 m, while the distance between the fracture is 140 m.
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Figure 4.21 Schematic of equivalent model for 12-fracture pattern after fracturing in
combination of injection and production wells
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For the 12-fracture pattern, a total of 48 L/s is injected through the injection well, and the
production rate is measured at the producing end accordingly at the fixed bottom hole pressure.
Figure 4.22 (a) shows that the geothermal capacity decreases sharply from 31 MW: to 15 MW;
during one year of production due to the sharp decline in production temperature. Later, the
declining trend of geothermal capacity slows down and finally reaches 13 MW after 30 years
of operation. Furthermore, Figure 4.22 (b) shows the produced net energy reaching about 12 PJ
(1PJ = 1*10%J) during 30 years of operation.
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Figure 4.22 Schematic of (a) geothermal capacity and (b) net energy production through 12
fractures

The initial production results based on temperature decline in fracture planes show that, even
though a gigantic fractured area is available in tight formations, the current combination of
injection/production wells arrangement and fluid flow plan cannot produce the energy fully
through each fracture. Therefore, energy production optimization through the multiple fractured
model is required.
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4.3.1 Geothermal energy production optimization

Figure 4.23 shows the optimizing scenarios for energy production. Each scenario is explained
comprehensively in the subsequent section, and in the end, the scenario will be selected that

provides the best production results.

Initial energy production results

Production optimization

(Scenario 1) (Scenario 2) (Scenario 3)
Higher flow rate per Lower injection depth, Higher flow rate at lower
fracturei.e., 8 Lfs, 12 L/s. i.e., -3760 m. injection depth.

Selection of optimized
scheme

Figure 4.23 Flow chart of selecting the optimized production scenario

4.3.1.1 Scenario 1

Currently, geothermal installations in Germany have been dealing with variable flow rates, i.e.,
30 L/s to 168 L/s for geothermal energy production 1. Therefore, analysis for heat extraction
optimization in scenario one is performed with higher flow rates such as 8 L/s and 12 L/s per
fracture, successively. In addition, high flow rates can reduce the salt scaling rate in vertical
and horizontal sections of wells. The remaining reservoir/injection parameters are the same as
of the initial production case. Moreover, the spacing between injection and production well is
also the same as in the initial case, i.e., 160 m. The results of cold-water injection with increased
rates are shown in Figures 4.24 & 4.25. It can be observed that the impact of increased flow
rate is quite prominent in comparison to Figure 4.19. From the start of injection, the cold
temperature envelope covers more fracture area, and this trend remains same during the whole
30-year production period. Each fracture contributes more to energy production both in
horizontal and vertical directions. At the end of 30 years, the temperature is declined to about

60 °C in more than ¥ of the half-fracture areas.
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Figure 4.24 Temporal evolution of temperature decline in three fracture planes after 1 month,
1 year, 15 years, and 30 years of production at rate of 8 L/s per fracture
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Figure 4.25 Temporal evolution of temperature decline in three fracture planes after 1 month,
1 year, 15 years and 30 years of production at flow rate of 12 L/s per fracture

Figure 4.26 shows comparative results of the temporal evolution of temperature decline in three
fracture planes after 30 years of production with different flow rates. The impact of an increased
rate is quite noticeable on the energy harnessing fracture area. Less than % of the half fracture
areas for 4 L/s injection rate per fracture in energy contribution are changed into more than %

of the half fracture areas for 12 L/s per fracture.

It is observed that with the higher flow rates, a sharp decline in temperature at the production
end occurs (Figure 4.27). The reason is the quick flow of fluid towards the production end. For
12 L/s, the temperature decreases quickly from 160 °C to 100 °C and finally reaches about 96
°C for each fracture. Although binary power plants can operate for temperature range from 80
°C -170 °C, for commercial energy production, the production temperature should be greater
than 100 °C.
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Figure 4.26 Temporal evolution of temperature decline comparison in three fracture planes
after 30 years of production with different flow rates per fracture
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Figure 4.27 Production temperature decline trends within 30 years of period in three
fractures with different flow rates

Besides, with the curb of quicker and significant temperature decline for higher flow rates, more

energy can be produced due to increased energy contribution area through the stimulated
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fractures. Figure 4.28 compares geothermal capacity results with different flow rates for the 12-
fracture pattern. The geothermal capacity has increased from 31 MW, to 44 MW; and 53 MW
for 48 L/s, 96 L/s, and 144 L/s, respectively. The increased flow rates also show similar
decreasing trends of geothermal capacity as of 48 L/s. The cumulative produced energy has
also been increased to 20 PJ and 26 PJ for 96 L/s and 144 L/s, respectively. Furthermore, the

geothermal heat capacity can be converted into electrical power using Eq. (4.5) 51,
We = nWy, (4.5)

where Wk is electricity generation power [W], 1 is conversion efficiency [-] and W}, is the heat

production power [W].

The conversion efficiency n mainly depends on the type of geothermal power plant used for
electricity generation. Generally, it is lower than conventional thermal power plants’ efficiency
and varies due to differences in heat losses, turbine efficiency, and generator efficiency of
geothermal power plants 1161, From the results of 94 geothermal power plants, the conversion
efficiency is reported between 12 % to 21%. Among different types of geothermal power plants,
the efficiency of the binary power plant is normally lower than 10 % due to lower geothermal
reservoir temperature. In literature, different models have been used for geothermal binary
power plants but Carnot and Triangular cycles are generally considered as ideal models. The
efficiency of the Carnot cycle and Triangular cycle can be calculated using Eq. (4.6) and Eq.
(4.7) 171,

Ty
N =1— I (4.6)
nTRI Ty — Tl 4.7
th T T4+ T,

where Ty is the absolute temperature of heat sink and Tw is the absolute temperature of heat

source, while units of temperature are in Kelvin or degree Rankine [°R].

Based on the statistical results of the conversion efficiency in literature, 10 % of conversion
efficiency is adopted in this work for electricity power calculation 51, Figure 4.28 (c) shows
the evolution of heat production power (Wh) and electricity generation power (We) during 30
years of production with a 144 L/s flow rate. The decline trends of Wy and Wk are according to
the production temperature decline. Wh decreases from 53.4 MW to 30 MW, reducing 43.8 %
in geothermal capacity. Therefore, We decrease from 5.34 MW to 3.0 MW, correspondingly.
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In order to meet the commercial feasibility, the electricity generation power must be above 3
MW [115]_
Although the results of scenario 1 somewhat correspond to the commercial requirement, further

energy production optimization is carried out to acquire enhanced results.

60 30
- O—-4a8lfs ~0O-96Ll/s —4—1441/s ——4a81/s 9%6L/s ——144L/s
2 50§ 25 -
= >
s 4 g -
z o~
‘5 40 \ § 20 __/‘/
2 AN A\ 2 //’/
8 307} - = —A W oag P
w 3 P 1
E 2 3 10 /»/" e
[ ° -
£ e 5w . . & Pr e
& [ e
o
0 0 »‘;/
0 5 10 15 20 25 30 0 5 10 15 20 25
Time [y] Time [y]
(a) (b)
60
8
~Wh —— We
50 | -
40 | 6
E | s = it - 5 3
2 30 — 14 S
3 3
20 3
2
10
1
0 0
0 5 10 15 20 25 30
Time [y]

(c)

Figure 4.28 Comparative schematics of energy production results through different flow rates
(a) geothermal capacity (b) net energy production and (c) heat production and electricity
generation power at 144 L/s flow rate

4.3.1.2 Scenario 2

The effect of distance between injection and production wells on heat extraction is analyzed in
the second scenario. For this purpose, the horizontal injection well is placed 100 m below, i.e.,
-3760 m, compared to the initial case. Due to the change in injection well location, the
previously generated model of multiple hydraulic fractures at -3660 m cannot satisfy the
proposed second scenario. In addition, the three-fracture pattern may not be the same as in the
previous case due to the changes in stress shadow. Therefore, the fracturing model has been

generated again for the new injection depth.

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 109



4. Geothermal exploitation through massive multiple hydraulic fractures; a case study of a geothermal
field in the North German Basin (MHH-GeneSys)

The 3D %2 geometric model with three injection points is shown in Figure 4.29. The horizontal
length of the model is 700 m, while 140 m fracture spacing in the y-direction is used, similar to
the previous case. The lateral size of the model in the y-direction is 423 m. Through the
sequential fracturing technique, three fractures are generated after injecting 21,600 m® of total
fluid volume, while all the injection parameters and model properties are the same as provided
in Table 4.3. All three fractures are created by following the same injection parameters and

conditions with pure water having no proppant.
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Figure 4.29 3D % model showing injection points of three fractures with 140 m fracture
spacing having injection well at -3760 m depth
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Figure 4.30 (a) shows the model’s y-z plane (x = 0) with injection points in fracture planes and
the well path. The minimum horizontal stress at the cross-section along the x-z plane of each
generated fracture is shown in Figure 4.30 (b). The highest increase in minimum horizontal
stress is quite similar in all three fracture planes, while the variations in fracture width and shape
of each fracture depend on the stress shadow. This can be observed by analyzing the obtained
results of fracture geometry, as illustrated in Figure 4.30 (c). All three fractures show the highest
fracture widths at the upper section of the formation against the least minimum horizontal stress.
Although the injection plan for each fracture is the same; however, the width of the third fracture
is expressively reduced compared to the other two fracture planes. The reason is that the third

fracture has attained significant fracture height with the reduced half-length. Therefore, in
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comparison with Figure 4.17, the geometry of each fracture is considerably altered due to a

change in injection depth.
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Figure 4.30 Minimum horizontal stress along three fracture planes and fracture widths with
140 m spacing at -3760 m injection depth

Figure 4.31 demonstrates the comparison of stress shadow iso-surface contours inside the
geometric model with 140 m fracture spacing for different well depths with front views (a), top
views at the injection depth (b), and side views (c). The contours are fairly distributed in the
model in connection with each fracture shape. In the case of -3760 m well depth, second and
third fractures have attained full available fracture height. Therefore, the lower section of iso-

surface contours is changed compared with -3660 m well depth.
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Figure 4.31 Iso-surface contours of different minimum horizontal stress values inside the
simulated model for 140 m fracture spacing for different well depths (a) front views (b) top
views at the injection depth and (c) side views

After achieving a 3-fracture configuration from injection well depth of -3760 m under the
influence of stress shadow, an equivalent model is generated for energy production. In the
second scenario, geothermal energy is produced using an injection rate of 4 L/s per fracture
through the injection well at -3760 m depth. All the injection and rock parameters are the same
as the initial case. Furthermore, the depth of production well is also the same as in the initial
case, i.e., -3500 m. Therefore, the distance between the injection and production well is now
260 m.

The comparative schematic of the spatial distribution of temperature decline inside fracture
planes is shown in Figure 4.32. In the case of injection well at -3660 m depth, the cold front
increases outside and follows a circular shape in expansion, but, in the case with injection well
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at -3760 m, the circular shape of expansion is changed into elliptical. The lower injection depth
has caused the initial fluid movement in the lower section of the model and then towards the
production end. It can be seen that after one year of production, more fracture area of the lower
section has been depleted in terms of temperature decline at - 3760 m injection depth. This trend
remains similar till the end of 30 years of production. However, it is also observed that even
with the current well arrangement and flow rate, the energy is not produced entirely through

each fracture.
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Figure 4.32 Temporal evolution of temperature decline in three fracture planes after 1 month,
1, year, 15 years and 30 years of production from -3760 m injection depth

Figure 4.33 shows the production temperature decline trends within 30 years in three fractures
from - 3760 m well depth. After 1 year of production, the production temperature is declined to
140 °C, while all three fractures produced at the temperature of 133 °C at the end of the

production period.

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 113



4. Geothermal exploitation through massive multiple hydraulic fractures; a case study of a geothermal
field in the North German Basin (MHH-GeneSys)

160 - \
140
120
0 ( 100
80
150 Fi - 60
g | 0 0.5 1
Q130 f
.
© s Frac 1
8_ 110 F e P AC 2
QE, Frac 3
-
90
70 1 1 1 1 J
0 5 10 15 20 25 30

Time [y]

Figure 4.33 Production temperature decline trends within 30 years of period in three
fractures at -3760 m injection depth

For the 12-fracture pattern, a total of 48 L/s is injected through the injection well and produced
at a fixed bottom hole pressure. Figure 4.34 (a) shows that the geothermal capacity decreases
sharply from 35 MW; to 30 MW: during six months of the production period due to the sharp
decline in production temperature. Later, the declining trend of geothermal capacity slows down
and finally reaches 20 MW after 30 years of operation. Furthermore, Figure 4.34 (b) shows the
produced net energy reaching about 20 PJ during 30 years of operation.

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 114



4. Geothermal exploitation through massive multiple hydraulic fractures; a case study of a geothermal
field in the North German Basin (MHH-GeneSys)

40

18 Lfs

35
§' 20
2 25
o)
o 20
o
8
2 15
m
£
§ 10
s
2 s
(U]

0

0 5 10 15 20 25 30
Time [y]
(a)
25
4 Lfs

20
g
a 15
£~
@
=
@
% 10
=
o
o
o
3 5
g
o

0

0 5 10 15 20 25 30
Time [y]
(b)

Figure 4.34 Representation of (a) geothermal capacity and (b) net energy production through
12-fracture pattern

4.3.1.3 Scenario 3

In third scenario, energy production estimations have been conducted using higher flow rates,
i.e., 8 L/s and 12 L/s per fracture from the lower injection well (-3760 m). It has already been
observed from the second scenario that by increasing the distance between injection and
production well, water with higher temperature is produced, which ultimately relates to the
higher energy production. Therefore, if the flow rate is increased, the chances of more energy
production are high. Figure 4.35 compares the temporal evolution of temperature decline in
three fracture planes with different flow rates after 30 years of operation. It can be seen that
with the increase in flow rates, cold-front areas inside the fractures have been increased, and

the maximum areal sweep through each fracture is achieved with a 12 L/s flow rate per fracture.
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Figure 4.35 Temporal evolution of temperature decline comparison in three fracture planes
after 30 years of production with different flow rates per fracture

Figure 4.36 shows the temperature decline trend in the configured model (a) side view (b) front
view, and (c) top view at the injection depth, after 30 years of production with 12 L/s flow rate
per fracture. Due to the heat conduction, not only fractures are contributing towards energy
production, but also the temperature between the area of fracture planes has decreased with

production.

For the 12-fracture pattern, a total of 48 L/s, 96 L/s, and 144 L/s is injected successively. Figure
4.38 (a) compares the geothermal capacity decline trends for different flow rates. During 30
years of heat production, the geothermal capacity has decreased from 36 MW; to 20 MW, 53
MW; to 35 MW, and 71 MW to 51 MW, for 48 L/s, 96 L/s and 144 L/s, respectively. The
respective decreases are 44.4 %, 33.9 % and 28.1 %. Furthermore, the produced net energy
reaches about 20 PJ, 33 PJ, and 48 PJ for 48 L/s, 96 L/s and 144 L/s, respectively (Figure 4.38

(b)).
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Figure 4.36 Schematic of temperature decline trend in the configured model (a) side view (b)
front view and (c) top view at the injection depth, after 30 years of production with 12 L/s

flow rate
180 Frac1 Frac 2 Frac3 (4 L/s)
== = Frac 1l = == Frac2 e = Frac 3 (8 L/s)
160 =+ = Fracl =« = Frac2 = + = Frac3(12L/s)
e 1L
¢ 140 !
B
© "\
g 120 \:-: t -——";‘:_—::*_—_—_‘—_—_—.
£ S S S S S E S EF
F 100
80
60
0 5 10 15 20 25 30
Time [y]

Figure 4.37 Production temperature decline trends within 30 years of period in three
fractures with different flow rates
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Figure 4.38 Comparative schematic of energy production results through different flow rates
from -3760 m injection depth (a) geothermal capacity (b) net energy production

The power generation of a geothermal power plant significantly depends on its working
capacity throughout the year. While considering a working capacity of 90 % (10 % tolerance
for shut-in), the cumulative power generation at different flow rates is shown in Figure 4.39.
The cumulative power generation reaches 1200 GWh for 144 L/s rate compared to 820 GWh
and 470 GWh for 96 L/s and 48 L/s rates.
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Figure 4.39 Comparison of total power generation during 30 years at different flow rates
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Figure 4.40 compares heat production power (Wh) for different flow rates, times, and depths.
The solid curves represent heat production power at -3660 m injection depth, while dotted lines
show the results of -3760 m injection depth. The increment of only 100 m distance between
injection and production wells has shifted the heat production power curves significantly
upwards. In addition, for 144 L/s rate, Wi has increased from 30 MW; to 51 MW and W, from
3.0 MW to 5.1 MW, correspondingly at the end of the production period (Figure 4.41).
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Figure 4.40 Comparison of heat production power (W) for different flow rate, time and depth
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Figure 4.41 Comparison of heat production power (W) and electricity generation power (We)
during 30 years of production at 144 L/s flow rate from different injection depths
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The percentage increase in electricity generation at different depths and rates is shown in Figure
4.42. After one month of production, electricity generation has increased to 12.9 %, 20.8 %,
and 35.5 % for 48 L/s, 96 L/s, and 144 L/s rates. At the end of 30-year, electricity generation
has increased to 60.4 %, 66.8 %, and 68.7 % for 48 L/s, 96 L/s, and 144 L/s rates, respectively.
These increasing numbers clearly depict that geothermal energy production is enhanced with
the increase in flow rate and distance between injection and production well. Although the
results of 96 L/s from the injection depth of -3760 m agrees with geothermal energy
production’s commercial requirement; however, with 144 L/s rate, geothermal energy

production is further improved. Hence the optimized energy production with scenario 3 is

achieved.
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Figure 4.42 Comparison of electricity generation in (MW) for different injection rate and
depth after (a) 1 month (b) 30 years of heat production

4.4  Economic analysis

One of the most important aspects of any geothermal field project is utilizing the field in an
optimized way so that the project can be executed under economic limitations. In conventional
hydrothermal systems, in-situ fluid is produced from the production without excessive drilling
and fracturing operations. On the contrary, EGS systems typically involve injection/production
of water or any suitable fluid at higher depths to come across the higher rock temperature along
with fracturing operations. Due to these reasons, the cost of an EGS project is relatively high.
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The economic evaluation for a geothermal project is usually done based on oil or gas projects’
field experience due to a lower level of literature details than hydrocarbon projects. Even over
4000 geothermal wells drilled worldwide, their costs are hardly found due to secrecy 8. The
levelized cost of electricity (LCOE) is a simplified and the most common approach used to
estimate the economic feasibility of a geothermal power generation system. In this approach,
the cost per unit of electricity is calculated by dividing the total investment cost by the total

power generation (Eq. (4.8)) 129,

Total investment cost
LCOE = . (4.8)
Total power generation

Three main categories contribute to the investment cost of an EGS project, i.e., surface costs,
subsurface costs, and operation and maintenance costs (O&M). The following sub-sections
briefly describe cost estimations of different geothermal fields by considering different cost

factors in the currency of dollar ($), and the LCOE for this case study is calculated in the end.

441 Surface costs/ Surface installation costs

The surface costs mainly include geothermal exploration and equipment installation costs.
Geothermal exploration employs the same sort of equipment needed for hydrocarbon
exploration, and the cost varies with geological strata and depth of investigation. For about
4000 m depth, the exploration cost is estimated at $ 4.5 million 2%, The surface equipment
cost, including personnel wages, can be estimated with the same accuracy as other construction
projects such as buildings, roads, etc. The initial investment cost directly related to equipment
installation is considered proportional to the installed power plant capacity. For the proposed
EGS power plant having a 3 MW capacity in the Daging oilfield, the surface installation cost
was estimated to be $ 6 million [12°], The surface installation costs of five power plants in Iceland
were estimated to be 1000 $/kW for the power plant ranging 20-60 MW, and it was concluded
that the surface equipment cost varies linearly with plant size [*21, However, unit capital cost
decreases exponentially with increased power capacity due to economy of scale. More
precisely, it varies from 2000 $/kW for a 5 MW power plant to 1000 $/kW for a 150 MW power
plant (121221 Therefore, the total surface cost based on installed geothermal power capacity can

be calculated using Eq. (4.9).

Courf = Coxp + 2000 P, (4.9)
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where Csurt is the surface cost [$], Cexp is the exploration cost [$], P: is the installed power
capacity [MW].

4.4.2 Subsurface costs

The highest ambiguity in cost estimations is mainly related to subsurface uncertainties. For
instance, the field study of the Namafjall field in Iceland estimated subsurface cost of about $
13 million out of total project cost of $ 35 million for a 20 MW geothermal power plant 124,
For the single flash model geothermal power plant, Chamorro et al. 2 assumed subsurface

cost as 50 % of the total initial cost, corresponding to $ 45.3 million.

4.4.2.1 Drilling & completion costs

Drilling and completion costs are considered significant contributors to investment costs such
as 20-50 %. They can even exceed 75 % of the total investment capital cost for medium and
low-grade EGS ' 221 Depending on the subsurface geological sequence, depth, and other
factors, the drilling cost can vary drastically for different sites. Oil and gas rigs are often utilized
for geothermal projects with certain modifications. These modifications are made to encounter
much harder and more abrasive geothermal rocks than sedimentary formations. The situation
may worsen for abnormal subsurface conditions such as under-pressured formations, which
may lead to high fluid leak-off and contribute to 10-20 % of well cost. Moreover, an increased
number of casing strings causes longer drilling time than hydrocarbon well completion [,
Therefore, it is challenging to calculate the drilling cost accurately. In the last quarter of the 20"
century, the oil industry started to adopt the methods of Monte Carlo simulations, uncertainty
analysis, and decision trees with certain accuracy. In addition, new methods have been
developed to perform drilling cost analysis with minimum error. The widely used methods for
oil & gas drilling cost estimation focusing on regression-based techniques include Joint
Association Survey (JAS), multidimensional attributes of drilling incorporated in Mechanical
Risk Index (MRI), Directional Difficulty Index (DDI), and Difficulty Index (DI) models 21,
Not even a single such analytical tool has been developed yet for the geothermal industry to
perform cost analysis independently. Due to the resemblances of equipment and materials
between hydrocarbon and geothermal field projects, hydrocarbon drilling cost trends have been
commonly used for geothermal wells.

Zang et al. 191 estimated the cost of one drilling well at $ 15 million, having vertical and
horizontal lengths of 4500 m and 3000 m, respectively. Whereas $ 5 million could be saved
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using an abandoned well in the same field. The drilling costs of Soultz EGS wells for 5100 m
depth varied from $ 6.57 million for GPK3 well to $ 5.14 million for GPK4 well in 2003 and
2004, respectively 124, Lei et al. [*2) conducted an economic analysis for Qiabugia geothermal
field China and calculated the total drilling cost of approximately $ 9.36 million for three
vertical and horizontal wells with vertical and horizontal lengths of 11,100 m and 1500 m,
respectively. The assessment of MIT (Massachusetts Institute of Technology) in 2004
suggested the drilling cost of about $ 13.3 million in Clear Lake country for a 6 km well length

with six casing strings 57,

4.4.2.2 Well Logging costs

A detailed analysis of the encountered formations through wireline logging is necessary that
further helps to perform stimulation operations. The United States Department of Energy has
presented a comprehensive evaluation of geothermal logging technology costs based on the
critical assessment of research programs during 1976-2010 24, Due to the high temperature of
geothermal reservoirs at greater depths, borehole conditions are relatively problematic
compared to oil & gas wells. Therefore, the use of special logging devices and mud coolers
becomes essential. In addition, logging cost depends on the type of logging instrument, strength,
and accuracy. For high precision logging till -3700 m depth, the charge has been estimated at $

0.45 million in Qiabugia geothermal field, China 2%,

4.4.2.3 Stimulation costs

The role of hydraulic stimulation for reservoir development is critical, especially in tight
formations in an EGS field. Generally, the cost of hydraulic stimulation is relatively more minor
than other operations. Stimulation cost mainly depends on the fracturing fluid and proppants
used during fracturing operations. Moreover, the fluid volumes are also proportional to cost.
The other expenditures include equipment costs (fracturing trucks, ancillary equipment, etc.)
and operational costs. Lei et al. %! estimated the fracturing cost at $ 0.45 million using slick-
water for different reservoir scenarios. Zhang et al. 51 assumed one fracturing treatment cost
to be $ 0.486 million for the Daging oilfield at a depth of about -4500 m. Considering these
field estimations for stimulation operation, $ 4.5 million is expected for this case study’s

excessive stimulation job.
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4.4.3 Operation & maintenance costs (O&M)

Once the well is drilled and the reservoir is developed, costs of further operations are estimated
through operation and maintenance costs (O&M). These costs involve internal energy
consumption for injection and production pumps and reservoir maintenance. Likewise, unit
capital surface equipment cost, O&M costs also decline exponentially with increasing
production capacity. The frequently used approximation varies exponentially, i.e., from 20
$/MWh to 14 $/MWh for 5 MW and 150 MW plant capacity, respectively 201221 The unit
O&M cost can be estimated using Eq. (4.10) in $MWh.

Coam = 20 exp(—0.0025 (P, — 5)) (4.10)

According to the simulation results of this case study, the LCOE is calculated for the average
plant capacity of 6.1 MW. Therefore, O&M costs are estimated to be 19.94 $/MWh. Based on
the literature, the two wells’ drilling cost, including horizontal and vertical sections, is estimated
to be $ 20 million. Besides, exploration and logging costs are calculated at $ 4.5 million and $
0.45 million, respectively. Consequently, the sum of drilling, stimulation, logging, and
exploration costs is estimated at $ 29.45 million. While mentioning all expected geothermal

power plant costs above, the total cost is calculated using Eq. (4.12).

C= Csurf + Csup (4.11)
Ciotar = 29.45 + 2000 * Py + W, * Coam (4.12)

where W is total power generation in 30 years [GWh].

The LCOE for third scenario with a flow rate of 144 L/s is calculated at 5.46 c$/kWh, which is
quite economical. Figure 4.43 shows the proportions of the total cost for different segments.
The major contributors in total cost are drilling and O&M costs during 30 years of power

generation, and the proportion together is about 66 % of the total investment cost.
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Figure 4.43 Division of total cost in different operation expenditures

The economic analysis is conducted for the study results of 12 fractures on one side of the
injection well, as shown in Figure 4.11. The generated power can be doubled by creating
additional 12 fractures to the opposite side using the same injection well. Furthermore, the

LCOE will decrease significantly using the same vertical section of the injection well.

Summary

In this chapter, a case study is performed that integrates the production of heat and electricity
using the engineering data of GeneSys, and an EGS project for the MHH-GeneSys region in
the North German Basin is proposed having one injection and two production wells. The
reservoir model parameters are believed to be reliable from the well-matched temporal
evolution of BHP (history matching). Massive multiple hydraulic fractures are generated
through a horizontal well, incorporating the stress superposition effect. Numerous simulations
are conducted with different fracture spacing having the same injection plan. It is observed that
stress shadow superposition enlarges in massive multiple fracturing operations, which
eventually distort the fracture propagation, especially with lower fracture spacing. In addition,
the shape of the newly created fracture is highly dependent on the previous fracture
configuration. After the fracturing results, several simulations are performed for heat and

electricity production using different well arrangements and flow rate scenarios.
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The simulation results show that during continuous cold-water injection, the temperature inside
the fractures as well as the surrounding of the fracture planes decreases sharply. However, less
well spacing and low flow rate restrict the fluid flow within the fractional half-fracture area of
each fracture, signifying the requirement of energy production optimization. The increase in
flow rate enhanced the energy production results broadly; however, further simulations are
conducted to acquire improved results.

Under the prevailing geological conditions, the generated fractures at higher depth attain lesser
fracture lengths and higher fracture heights due to the difference in stress interference. The
energy production results depict that the tendency of temperature decline in each fracture area
increases with the increase in flow rate and well spacing. The optimized installed power
capacity of the proposed EGS project declines from 7.17 MW to 5.08 MW for 144 L/s flow
rate in a 12-fracture pattern. Moreover, the expected total cost for a multi-well multi-hydraulic
fracture system is estimated to be $ 65.59 million, having significant shares of drilling and
O&M costs. The LCOE is calculated at 5.46 c$/kWh, which is substantially economical
compared to Germany’s current electricity price. In addition, the generated power potential can
be doubled by creating additional 12 fractures to the opposite side using the same injection well
that can further decrease the LCOE.
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5  Regenerative EGS using surplus wind & solar energy

5.1 Introduction

The energy supply from renewable energy sources like wind or solar is highly dependent on
weather conditions and often mismatch the instantaneous energy demand. During times of high
renewable energy production, the power transmission lines may not be adequate to carry the
load and, therefore, may have to shut down the power generation plants [2°. One of the suitable
options to avoid such interruption in energy production is to store surplus energy that can
compensate for the energy deficit in times of low power production. Due to the favorable heat
storage properties, water and hard crystalline rocks are considered suitable storage mediums
with large volumes at a relatively low cost. Different methods have been used for underground
thermal energy storage (UTES) that include: Aquifer thermal energy storage (ATES), Borehole
thermal energy storage (BTES), Tank thermal energy storage (TTES), Pit thermal energy
storage (PTES), Cavern thermal energy storage (CTES), and Fractured thermal energy storage
(FTES) (Figure 5.1).
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Figure 5.1 Schematic of different underground thermal energy storage methods

Thermo-Hydro-Mechanical (THM) coupled simulations of innovative enhanced geothermal systems for heat and
electricity production as well as energy storage 127



5. Regenerative EGS using surplus wind & solar energy

ATES technology involves energy storage by injecting and withdrawing the ground water
through high permeable layers at shallow depths in a cost-effective way. This technology is
used for the heating and cooling of buildings. For example, surplus energy produced by solar
panels in summer is stored in shallow aquifers underneath the German Parliament in Berlin,
and this shallow aquifer UTES has been operational since 2002 [*?¢l. More than 2800 ATES
systems are currently in operation, extracting more than 2.5 TWh of heating and cooling per
year 1271, Generally, LT-ATES systems store low-temperature heat and cold in a range of 5 °C
to 30 °C and cannot fulfill the industrial and large district heating demands %1, In contrast,
HT-ATES can store the energy of higher temperatures (> 60 °C) but are limited due to legal
and technical constraints. The injection of high-temperature water at shallow depths can cause
potential contamination of drinking water and can raise environmental concerns. In addition,
high energy loss due to a larger temperature gradient makes the energy storage process less
efficient. However, one of the main advantages of HT-ATES is the utilization of stored energy
without multiple heating pumps that can further improve energy savings. Moreover, high-
temperature storage operations in the deep reservoir may not perturb near-surface ground water
horizons. Therefore, high energy recovery is possible after storing high-temperature water at
greater depths [*2°l. Some of ATES projects worldwide, along with technical and geological

characteristics, are provided in Table 5.1.

Table 5.1 Overview of technical characterization of some ATES projects worldwide 127 1%]

Project name Location Depth Year Injection Heat Status
[m] temperature  source
[°C]
Neubrandenburg Germany 1250 2004 85-90 CHP i0
Reichstag Germany 320 2000 70 CHP D/iO
BMW- Germany 500-700 2016 120 CHP E
Dingolfingen
Utrecht Netherland 192-290 1991 90 CHP A*
Duiven Netherlands 2015 > 140 Waste fs
combustion
De Uithof Netherlands 4 —45 1991 90 CHP Dlc
Mobile us 36-61 1976 55 Industrial E/c
ST. Paul us 182-244 1982 117 Industrial E/c
Plaisir France 500 1987 180 Industrial Elc
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CHP: combined heat and power, A*: Applied, c: closed, D: demonstration, E: explorative, iO: in operation, fs:
feasibility study

The BTES systems are mostly installed for domestic heating and cooling purposes depending
on solar technology, and these systems are getting rapid attention worldwide 3% 321 |n these
systems, a series of vertical or horizontal U-tube pipes are placed typically with a uniform
spacing to form a closed-loop heat exchanger 133, The heat between the fluid and the ground
layers is transferred and can be computed through numerical models. The BTES systems are
potentially economic as these allow storage of surplus energy in a space-efficient manner. One
of the best examples of the BTES technology in operation is Drake Landing Solar Community
(DLSC), located in Okotoks, Canada. In DLSC, solar energy is stored seasonally in an array of

144 boreholes having approximately 34,000 m® subsurface BTES space [134],

In TTES, PTES, and CTES systems, heat and cold are stored in thermally stratified storage
tanks, pits filled with water or water and gravel, and in naturally occurring cavities or caverns,
respectively [*27], The TTES systems are constructed with concrete and steel, having size up to
12000 m® 2351, Due to the high heat capacity of water, thermal energy can be stored in a PTES
system in a cost-efficient way. The insulation around the pit is provided to avoid any heat
leakage, and heated water is sent to the consumer while cooled water is injected at the bottom.
PTES systems have been constructed in a few places in Denmark, having the largest size of
75000 m® 1381, There are very few examples of CTES systems in the world. One of the active
CTES facilities is located in Oulu, Finland, built on a converted oil storage cavern with a storage
capacity of about 10 GWh %! HYDROCK is an application of FTES that uses hard crystalline
rocks. It has advantages of increased heat transfer area and decreased boreholes compared to
other UTES methods. The study results of Hellstrém and Larson 2001 1¥71showed that a system
of 25 fractures network having 5 m in radius could provide 2 GWh thermal energy seasonally.

Altogether, UTES systems are suitable for surplus thermal energy storage; however, the success
of a UTES project is highly dependent on the local energy demand and in-situ geological
conditions. According to an estimate, yearly storage demand in Germany varies considerably
but may reach 50 TWh of electrical energy 8. About 40 % of net electricity has been
generated from wind and solar energy resources in 2020, as shown in Figure 5.2. In fact, the
German Federal Cabinet has planned to expand the offshore wind energy capacity to 40 GW
by 2040 [139,
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Figure 5.2 Net electricity generation in Germany-2020

5.1.1 Wind energy in Germany

Electricity from wind energy is produced with the help of wind turbines that convert the kinetic
energy of the wind into electric energy by utilizing propeller-like blades which spin a generator.
Wind turbines are constructed onshore or offshore like oceans and lakes, depending on wind
yield and land availability. The average size of onshore wind turbines is around 2.5 to 3 MW,
which can supply power to more than 1500 households. In comparison, the offshore wind
turbine is around 3.6 MW. An increasing share of wind electricity generation has been observed
in Germany during the last two decades (Figure 5.3). In fact, wind energy crossed nuclear and

brown coal energy in electricity production in 2020 391,
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Figure 5.3 Electricity generation from onshore and offshore wind energy during last two
decades in Germany

The wind power installations are much higher in the North Sea compared to the Baltic Sea due
to relatively higher wind yield. Out of the total of 1460 wind turbines, 1230 are located in the
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North Sea %, The capacity of offshore turbines has been increased successively in the past six
years. In June 2020, 32 offshore wind turbines in the German Exclusive Economic Zone were
added to the grid. The cumulative offshore wind capacity is about 7.76 GW which is expected
to become 40 GW by the end of 2040 (Figure 5.4) [240],
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Figure 5.4 Offshore wind energy development forecast

5.1.2 Solar energy in Germany

Solar cells in photovoltaic (PV) systems convert sunlight into electricity or heat. Germany is
one of the largest solar power generation countries globally despite having low sunshine hours.
It had been made possible by its Renewable Energy Act (EEG) introduced in 2000. In order to
accomplish maximum energy needs from renewables, the EEG provided an opportunity of
guaranteed remuneration for investors to invest in solar panels that boosted solar power
generation. The EEG-2021 has set a target of about 65 % gross electricity consumption from
renewable energies by 2030, which requires an annual average PV addition of at least 5-10 GW
along with the expansion of wind power . During the last decade, a noticeable increase in
solar power generation has been observed (Figure 5.5). In 2020, about 12 % of electricity was
contributed to the public electricity grid with a generation power of 50.6 TWh [142],
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Figure 5.5 Electricity generation from solar energy during last two decades in Germany

Although a record amount of clean energy is produced in Germany today, its grid capacity is
not enough to transport the power down to load centers in the south 4%, This may lead to a
negative wholesale electricity price situation, where a consumer is being paid to use electricity.
The surplus energy situations require the development of an energy storage mechanism through
which energy can be produced back during times of low production and high demand.

5.2  Energy storage and recovery in hydraulically fractured EGS

The utilization of underground heat storage is the requirement of the recent era. It can help store
energy temporarily and reduce the peak loads with intelligent handling of waste energy. In this
work, an innovative concept of EGS is proposed that integrates heat and electricity production
and surplus energy storage. The UTES concept for seasonal energy storage and production is
used, and a deeply fractured medium is analyzed as the heat exchanger. The massive multiple
fractured model of the MHH-GeneSys site that has been used initially for geothermal energy
production is further investigated for the surplus renewable energy storage and recovery. Using
this innovative approach, it is proposed that the life of an EGS project can be extended. The

schematic of regenerative EGS under different working modes is shown in Figure 5.6.
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Figure 5.6 Schematics of cyclic regenerative enhanced geothermal system (a) flow chart (b)
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The results of geothermal energy production for 30-years of scenario-3 in chapter 4, have been
adopted as the initial model conditions for the surplus energy storage. However, this energy
storage and borehole cleaning concept can be applied at any time of the EGS project’s life. The
temperature inside the model and surrounding the fractures has been depleted considerably. The
depleted energy model is shown in Figure 5.7. In addition, different parameters of injection
fluid are provided in Table 5.2.
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Figure 5.7 Schematic of initial conditions for energy storage (a) model and (b) 3-fractures

Table 5.2 Summary of the fluid injection parameters for energy storage and recovery

Parameter Value unit
Injected fluid water -
Injection temperature 200 [°C]
Injection rate 48 (for 12 fractures) [L/s]
Formation heat conductivity 2.5 [W/m °C]
Injection pressure 20 [MPa]

In this study, energy storage efficiency is evaluated using a recovery factor, defined as the ratio
of recovered energy to stored energy with respect to ambient reservoir temperature when an
equal amount of water is injected and produced [1%8 1431 Mathematically, it is described in Eq.
(5.1) and Eq. (5.2).

Eexe f;:;n Q¢ (Text — Thar)dt (5.1)
Einj fbend Q¢ (Tinj — Tnac)dt

egin

RF =

Vext (5.2)
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where Qt is pumping rate [L/s], Tex is extraction temperature [°C], Tinj is injection temperature
[°C], That is the ambient reservoir temperature [°C], d; is the time increment, and VR is the

volume recovery [-].

The recovery factor equal to zero means none of the stored energy is recovered or produced,
and the increase in recovery factor will decrease the storage efficiency and vice versa. The heat
loss in the borehole is assumed as negligible. Therefore, the recovery factor calculated at
production points based on extraction temperature can be considered equal at surface

conditions.

In order to investigate the response of massive multiple fracture systems during energy storage
and recovery, a single cycle is analyzed firstly. The single-cycle describes hot fluid injection
for one-month, three-month, and six-month periods, firstly, and production of injected fluid for
one-month, three-month, and six-month periods, successively. The temporal evolution of the
increase and decrease in temperature in the fractured system during storage and recovery is
shown in Figure 5.8. As the injection begins from the injection point, the high-temperature
region is formed around the injection perforations. The hot fluid front increases outside in
expansion. It can be seen that the expansion of the hot front increases with the increase in the
injection period. During the recovery phase, equal volume of the injected fluid is produced,;
however, due to the high temperature of injection fluid, the temperature inside fractures has

been increased and is shown in Figure 5.8 (b).
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Figure 5.8 Temperature change in fractures at the end of single cycle for different periods
during (a) storage phase (b) recovery phase

Figure 5.9 shows each fracture’s energy storage and recovery trends for different periods. It can
be seen that the heat storage decreases with the increase in the time duration of
injection/production cycles. This trend is due to the injection of less energy during the one-
month cycle compared to the six-month cycle. In addition, at the start of the operation, most of
the heat is lost in fractures due to heat conduction/convection processes and the initial low-
temperature region. As a larger amount of energy is injected during the six-month cycle, the
energy recovery is more in comparison with the monthly and quarterly cycles. Furthermore, it
can be observed that each fracture recovery and storage results are quite the same. Using the

results of single energy storage and recovery cycles, continuous injection/production cycles are

investigated further.
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Figure 5.9 Trends of recovery factor and storage efficiency during single cycle (a) monthly
(b) quarterly (c) semi-annually

5.3  Continuous injection/production cycles

Continuous injection/production cycles have been analyzed by adopting equal fluid volume and
time without pause. For example, in the case of the monthly cycle, hot water is injected through
both wells that flow inside the fracture at a constant injection rate. Afterward, the injected fluid
is produced from both wells for one month. Figure 5.10 shows the recovery factor and storage
efficiency results during five-continuous cycles for monthly, quarterly, and semi-annual
periods. It is observed that after every cycle, the recovery factor increases while storage
efficiency decreases. In the first cycle, maximum energy is stored in the reservoir due to initial
low-temperature conditions, and therefore, the recovery factor is minimum. The recovery factor
increases with the increase in cycles due to the increased injected energy. It increases from 48
% to 75 %, 52 % to 70 %, and 57 % to 65 % for monthly, quarterly, and semi-annual cycles.
Contrarily, the storage efficiency decreases after every cycle. In addition, heat injection for a
longer duration causes more heat loss due to heat conduction/convection processes between

rock formation and fluid during continuous cycles. Therefore, less recovery is achieved for
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longer period cycles. Figure 5.12 shows the change in temperature inside the fractures during
different time cycles.
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Figure 5.10 Trends of recovery factor and storage efficiency during five continuous cycles (a)
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Figure 5.11 Temperature distribution after first, third and fifth cycle of energy recovery for
different time duration cycles

During five continuous cycles for the 12-fracture pattern, produced net energy increases from
70 TJ to 90 TJ, 221 TJ to 260 TJ, and 462 TJ to 496 TJ for monthly, quarterly, and semi-
annually cycles, respectively. In contrast, stored energy decreases gradually after every cycle,
especially for the short cyclic period compared to the longer cyclic period. These results are
presented in Figures 5.13 for monthly, quarterly, and semi-annual periods. It is important to
highlight that one of the biggest challenges of underground energy storage is low recovery
efficiency. The results of this study show that not only excess energy can be stored in a deep
fractured system but also high energy recovery can be obtained, such as about 75 % in the case
with monthly cycle scenario.

Figure 5.12 also shows the production temperature profile during injection and production
stages for five-continuous cycles. The production temperature increases after every cycle.
However, an increase in the rate of temperature decreases after every cycle. After several cycles,
no significant change in temperature is observed. These results can be further elaborated using
continuous cycles for five years, and it is apprehended that the reservoir is achieving
temperature equilibrium (Figure 5.13).
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Figure 5.12 Trends of produced/stored energy and injection/production temperature during
each cycle (a) monthly (b) quarterly and (c) semi-annually
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Furthermore, it is noticed that the number and duration of injection/production cycles are
essential features that can considerably affect recovery and storage efficiency. Due to the
increase in reservoir temperature, the fractured EGS is again available for geothermal energy
exploitation. Therefore, by combining surplus energy storage, a regenerative EGS can be
achieved in reality. In addition, this regenerative EGS concept can be applied at any time of the
project’s life in order to make surplus energy usable, geothermal reservoir much renewable,

and clean the pipelines.

Summary

The intermittent energy supply from renewable energy sources like wind or solar often creates
a disparity in direct energy demand. In this chapter, a regenerative EGS concept using surplus
wind and solar energy storage is proposed. This concept can be applied in existing EGS fields
as well in order to make surplus energy usable and keep a geothermal reservoir much renewable
by reducing the reservoir temperature reduction rate. In addition, any salt scaling/crystallization
in vertical and horizontal sections of wells could be removed using water with high injection
pressure and temperature during the energy storage phase. The massive multiple fractured
model that has been depleted after geothermal energy production for 30-years in chapter 4 is
further investigated for the surplus renewable energy storage/recovery. Single-cycle results
show that all fractures behave in a similar way during different time durations. Subsequently,
continuous injection/production cycles are analyzed by adopting equal fluid volume and time.
The results indicate that after every cycle, the recovery factor increases and storage efficiency
decreases due to increased amount of injected energy and low fluid/thermal losses. However,
less thermal recovery is achieved during longer cycles than shorter cycles. It is concluded that
surplus energy can be stored in deep fractured system, and high energy recovery can be obtained
by critically analyzing the continuous injection/production cycles depending upon the energy
availability and demand. Consequently, the life of an EGS project with surplus renewable

energy storage can be extended with a much cheaper energy production cost.
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6 Conclusion

Enhanced geothermal systems (EGSs) evolved from the hot dry rock can provide a significant
amount of energy and share in fulfilling the energy demands while shifting towards low to zero
carbon emission. Hydraulic fracturing operations combined with horizontal drilling technology
have been playing a key role in the efficient development of unconventional reservoirs and
geothermal resources. The conceptual geothermal projects have been designed with single-
stage fracturing focusing on shear stimulation of existing natural fractures to obtain large
stimulated volume through vertical well open hole completions. However, EGSs with multiple
hydraulic fractures through horizontal well have been rarely analyzed.

In this thesis, in order to investigate some targeted and important issues related to EGS, such as
multiple fracturing operations, the influence of stress shadow on individual fracture geometry,
the variation in fracture configuration due to difference in fracture spacing, and incorporation
of individual fracture geometry for heat and electricity production along with surplus energy
storage, several scenarios have been analyzed using powerful numerical tools (FLAC3DP"“ and
TOUGH2MP-TMVOC). The fundamental theories related to conventional geothermal systems
and hydraulic fracturing were firstly discussed in detail. Based upon these theories, the principle
of THM coupling and applied techniques for conducting the numerical simulations were further

described.

Using the post-developed simulator FLAC3DP", multiple sequential hydraulic fracturing
through horizontal well was carried out in a fictive model to study the influence of stress shadow
on individual fracture configuration by adopting different fracture spacing cases. While
conducting sequential multiple hydraulic fracturing with the same injection fluid and
parameters, it was observed that the final configuration of individual fractures was different due
to differences in stress shadow. In addition, with the decrease in fracture spacing, stress shadow
super-position effects were raised, which ultimately changed fracture widths and fluid flow
performance. Therefore, the assumption of using similar multiple fracture geometries and
shapes for energy exploitation may lead to erroneous estimations. Subsequently, the fracturing
results were imported to TOUGH2MP-TMVOC for energy production simulation to account
for coupled THM effects in a time-efficient manner, especially in the case of multiple fracture
systems. An innovative approach of one production well was also used for energy production
modeling instead of two production wells to achieve additional economic benefits.
Furthermore, the production well was placed at the center of fractures that provided the fluid
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flow from both sides of the created fracture wings and ensured the fluid flow through each
fracture. It was observed that, due to differences in individual fracture geometry, the energy
contribution through multiple fractures was different. However, with the increase in fracture
spacing, the same energy contribution was achieved due to a similar fracture configuration
comprising less stress interference. The fluid flow analysis through variable fracture areas was
performed further, which showed low energy contribution from lower fracture areas. Higher
production temperature and energy contribution were observed as the fracture area increased.
Therefore, it was concluded that large stimulated fracture areas are required for higher energy
production. In addition, an earlier and sharp decline in production temperature was observed
due to small fracture areas and less distance between the injection and production wells. It is
conceivable that the distance between injection and production perforation location can set the

time for a thermal breakthrough at producing end.

A case study was performed further for the MHH-GeneSys region that integrates the production
of heat and electricity. The gigantic multi-fracture schemes were designed while considering
stress superposition effects, and the performance for heat and electricity production was
evaluated. Firstly, using the engineering data of the GeneSys project, a 3D model was generated
and verified by BHP history matching with the previous fracturing job using pure water having
no proppant. From the well-matched temporal evolution of BHP, the reservoir model
parameters were believed to be reliable. Therefore, numerous simulations were conducted to
generate massive multiple fractures with different fracture spacing. The results showed that
stress shadow superposition enlarges in massive multiple fracturing, and its effect on individual
fracture increases with lower fracture spacing. Furthermore, during sequential fracturing, the
newly created successive fracture’s configuration depended on the previous one. After the
fracturing results, heat and electricity production estimations were performed using different
well arrangement and flow rate scenarios while placing the production well at quarter depth
from the top of the least fracture height to achieve heated fluid from each fracture. The
simulation results showed that the energy-depleted fractured areas were highly dependent on
the flow rate and increased with the increase in flow rate. However, these results were
unsuccessful in meeting the commercial requirement. Therefore, further simulations were
conducted to acquire improved production results. It was observed that under the prevailing
geological conditions, the generated fractures at higher depth attained lesser fracture lengths
and higher fracture heights due to the difference in stress interference. The energy production

results of the optimized model depicted that the tendency of temperature decline in each fracture
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area increases with the increase in flow rate and well spacing. Finally, the optimized EGS
project was proposed whose installed power capacity of one side of the injection well declines
from 7.17 MW to 5.08 MW for 144 L/s flow rate with 12-fracture pattern, satisfying the
commercial requirement comprehensively. Moreover, the expected cost for the one side of a
multi-well multi-hydraulic fracture system was estimated to be $ 65.59 million, having
significant shares of drilling and operation & maintenance costs. The levelized cost of
electricity was calculated at 5.46 c$/kWh, which is quite economical compared to Germany’s
current electricity price. In addition, the generated power potential can be doubled by creating

similar fractures to the opposite side using the same injection well.

Underground thermal energy storage systems have been used broadly over the last decade and
much research has been done in developing the efficient means of storing surplus energy. This
is because renewable energy sources like wind or solar depend on weather conditions and often
mismatch the instantaneous energy demand. An innovative concept of regenerative EGS
integrating heat and electricity production as well as storage of surplus renewable energy was
proposed further. This concept can be applied in existing EGS fields as well in order to make
surplus energy usable, lower energy production costs, and keep a geothermal reservoir much
renewable by reducing the reservoir temperature reduction rate. In addition, any salt
scaling/crystallization in vertical and horizontal sections of wells could be removed using water
with high injection pressure and temperature during the energy storage phase. The massive
multiple fractured EGS model that had been depleted after geothermal energy production was
further investigated for the surplus renewable energy storage/recovery. Continuous
injection/production cycles were analyzed by adopting equal fluid volumes and time. The
results showed that after every cycle, the recovery factor increased while storage efficiency
decreased due to the increased amount of injected energy and low fluid/thermal losses.
However, less thermal recovery was achieved during longer period cycles than shorter cycles
due to excessive energy loss. It was concluded that the number and duration of
injection/production cycles significantly affect energy storage and recovery and must be
critically analyzed, depending on the surplus energy availability and production demand.
Furthermore, the formation temperature increased with the number of injection/production
cycles. Consequently, a regenerative EGS using the storage of surplus renewable energy could
be achieved in reality compared to normal EGS projects.
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