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ABSTRACT

Hot dry rock is one of the most promising clean and renewable energy and can be developed through enhanced geothermal systems
(EGSs). The horizontal and multilateral well EGS has potential to achieve a high heat extraction performance of HDR. Herein,
multilateral horizontal well system was employed to study the geothermal exploitation performance of the Qiabugia geothermal area.
The exploitation target was selected as the basal granitic reservoir with a depth of 2650 - 3650 m and a corresponding initial
temperature of 151 - 190 °C, based on the geological data of the GR1 borehole. The simulation results indicate that the production
temperature reaches 178.4 °C and decreases by 8.3% after 20 years under the scheme by injecting 60 °C cold water with 50 kg/s rate
and a 400 m of lateral well spacing. The energy analysis showed that the designed well system could yield an electric power of 3.58
- 4.35 MW, with the flow impedance of 0.207 - 0.313 MPa/(kg/s) and energy efficiency of 2.7 - 4.5 over a 20 year period. The
operation of such a system could reduce the total greenhouse gas (GHG) emissions by 0.21 - 0.72 Mt compared to a fossil fuel plant.
The production temperature and electric power of the multilateral horizontal well EGS are higher than those of conventional double
vertical wells EGS. The heat production performance of geothermal reservoir highly depends on the well horizon, branch well
arrangement, and reservoir permeability. The layout of Lower injection and upper production well is more favorable. A large numbers
of branch wells bring the increase of flow impedance and the decrease of production temperature, due to strong well interference.
Therefore, under the same total well length, less branches and large spacing between the branch wells is the basic principle for the
design of multilateral horizontal well system. A high permeability can effectively reduce flow impedance and save internal energy
consumption. The multilateral horizontal well system is a promising development scheme for the geothermal in Qiabugia geothermal
area.

1. INTRODUCTION
1.1 Background

Geothermal energy is one of the most important low-carbon and renewable energy resource alternatives to fossil fuels such as coal,
oil and natural gas [1]. Geothermal energy, which utilizes the heat generated in the interior of the earth, is stable and does not rely on
weather conditions. Geothermal resources can be divided into hydrothermal geothermal resources and hot dry rock (HDR) geothermal
resources, according to the origins and storage conditions. Among them, the reserves of HDR resources are huge and are not limited
by region, which is called a new energy that may change the future. The assessment by Wang et al. [2] indicated that the HDR
resource within subsurface 3 - 10 km in China could reach 2.09 x 107 EJ. Taking 2% as the recoverable coefficient, the recovered
energy is approximately 4400 times of the annual energy consumption of China in 2010 [2].

Due to the low porosity and permeability of the reservoir, it is difficult to exploit and utilize HDR. The enhanced geothermal system
(EGS) improves the permeability of the reservoir by constructing artificial thermal reservoir, so as to realize the exploitation of HDR
at Fenton Hill in the United States in the early 1970s. During the last few decades, numerous field tests of EGS have been carried out
in France (Soultz), Japan (Hijiori), and Australia (Cooper Basin) [3]. In the conventional EGS, two vertical or directional wells are
drilled, and one is injection and the other is production well, and an artificial heat reservoir is created by the hydraulic fracturing
process.

However, two problems restrict the commercial mining of EGS: 1. the high drilling cost; 2. the stimulation of the artificial heat
reservoir is difficult to predict and control. The drilling cost of one 4500 - 5000 m wellbore in EGS is approximately $ 13 - 15 million,
which accounts for more than 50% of the total project cost [4]. A large number of artificial thermal reservoir construction experience
shows that the generation of artificial fracture network depends on the original in-situ stress and existing fracture system, and the
development of new fractures is difficult to predict and control [3]. The geological characteristics of specific areas and the physical
properties of reservoir rock mass have a significant impact on the reservoir stimulation results and inter well connectivity, and the
portability of reservoir excitation experience in different geothermal fields is poor [3, 5].

Considering of the up two points, scholars proposed horizontal well and multilateral well HDR mining scheme. With these scheme,
only one main vertical wellbore is required to be drilled to accomplish injection and production simultaneously, which could
significantly reduce the cost compared with the conventional double-well. Moreover, multilateral wells are drilled to increase the
contact area of the wellbore and HDR, thereby improving the injectivity and productivity of the wellbore. Meanwhile, the dependence
of geothermal development on reservoir stimulation is reduced. Zeng et al. [5] proposed a three horizontal well system to increase
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the heat production performance of the Yangbajing geothermal field in Tibet, China. The effects of the key factors, such as thermal
conductivity, porosity, and permeability on the performance were studied numerically. Song et al. proposed a novel enhanced
geothermal system with multilateral wells for HDR. The results indicated that the output thermal power, production temperature, heat
extraction ratio, and the accumulative thermal energy of the multilateral well EGS are higher than those of conventional double
vertical wells EGS. Compared to single horizontal well, multilateral horizontal well allow three-dimensional (3D) development and
results in a higher production efficiency, and have been widely employed in the petroleum industry [6-8] and unconventional energy
recovery [9,10]. Mao et al. [11] constructed a three-dimensional (3D) numerical model of a real gas hydrate reservoir, and the
influences of well configuration, deployment location, depressurization pressure, and reservoir properties on production are
systemically and quantitatively evaluated. Currently, there are many field applications of multilateral wells in the petroleum industry
[12,13] and there is one example for an application in the geothermal energy development. In 2008, 12 multilateral wells with a length
of approximately 40 m were side-tracked using the radial jetting technology from an injection well at Klaipéda geothermal field to
obtain an improvement in injectivity of approximately 14% [14]. Hence, the horizontal and multilateral well EGS has potential for
achieving high heat extraction performance in HDR development.

1.2 Overview of the study area

Gonghe basin is a rhombic Intermountain basin distributed in NWW direction, located between Kunlun Mountains and Qinling
Mountains. The tectonic unit belongs to the joint of the East Kunlun and the West Qinling orogenic belt of the Qin-Qi-Kun fault fold
system. According to geophysical survey [15], the Gonghe basin can be divided into the Tanggemu depression, Guinan depression,
Guide depression, Qijia uplift, and Yellow River uplift (Fig. LA). The Qiabugia geothermal area (Fig. 1B) is located in the transition
zone of the Tanggemu depression and Yellow River uplift. The average geothermal gradient of granitic formation in this region is
greater than 40°C/km [16]. The high geothermal gradient may be caused by the joint effect of high regional background heat flow of
the northeastern Tibetan Plateau and the cooling of a shallow magma chamber [17].

Six deep geothermal boreholes (DR1-4, and GR1-2) were drilled in the Qiabugia geothermal area (Fig. 1B), by China Geological
Survey and Land and Resources Department of Qinghai Province since 2013. The DR3, DR4, GR1 and GR2 boreholes are the
primary exploration wells for the HDR geothermal resource. The shut-in time of these three boreholes (DR3, DR4 and GR2) before
temperature logs are relatively short. The maximum duration between the cessation of drilling and the temperature measurement is
less than one month. Considering the effects of drilling-induced thermal perturbation and the circulation of drilling mud, it is inferred
that temperature is not fully recovers [18, 19], and the obtained temperature data cannot represent the true static formation temperature
(SFT).
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Figure 1: (A) Tectonic map of the Gonghe basin and its neighboring region and (B) wells, springs, and fracture zones
distributed in the Qiabugia geothermal area.

Given the thermal recovery process of borehole since shut-in, the temperature of the GR1 borehole has been measured twice. The
first temperature logging was conducted on March 15, 2017, and the second was carried out on May 4, 2018. The duration between
the cessation of drilling and the second temperature logging exceeded one year. The two continuous temperature profiles are shown
in Fig. 2 for comparison. Based on the two temperature data, the Horner method [21] was applied for computing the SFT. The
correction result shows that the corrected data basically coincided with the second temperature data and the discrepancy is less than
0.2 °C. This indicates that the second logged temperature of GR1 have equilibrated and can be regarded as the steady-state temperature
before drilling.
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Figure 2: Temperature versus depth plots of DR3, DR4, GR2, and GR1 geothermal wells and the stratigraphic structure
revealed by well GR1 in the Qiabugia geothermal area.

There are three reservoirs in the Qiabugia geothermal area. Two shallow thermal reservoirs developed in sedimentary cap layer: the
Lower Pleistocene reservoir at 100 - 200 m depth and the Neogene reservoir at 667 - 718 m depth [22]. The third thermal reservoir,
which appeared below the depth of 1400 m, is mainly impermeable Indosinian granite (Fig. 2). The reservoir temperature at the depth
of 2614 m and 3404 m reaches 150 °C and 180.6 °C respectively. The granitic HDR reservoir has an average geothermal gradient of
41.2 +2.96 °C/km.

With the progress of geothermal exploration and the enrichment of site data, the numerical simulation of Gonghe basin is becoming
increasingly. Based on the geological conditions of Qiabugia area in Gonghe basin, Yue et al. [23] characterized the hydrothermal
features of EGS and researched numerically the temporal and spatial distributions of the temperature and pressure fields. The
influence of injection temperature and flow rate on heat extraction rate was also analyzed. Xu et al [24] proposed two horizontal wells
for the Gonghe Basin using the local thermal non-equilibrium theory (LTNE) and evaluated the production temperature, energy
efficiency, and economic and environmental benefits. The numerical results indicated that the electric power mainly depends on
fracture spacing and injection temperature, and the saving in greenhouse gas (GHG) emissions ranged between 0.27 and 0.92 Mt over
30 years. Zhang et al [25] established a 3D thermo-hydraulic model to evaluate the performance for the Qiabugia geothermal area
based on the GR1 borehole, and given sensitive parameters that affect electric power output and the optimal combination. A further
study based on local thermal non-equilibrium theory and the occurrence of the natural fault indicated that the fault-fracture-controlled
doublet model is more suitable for EGS to heat transfer than the common doublet model [26].

1.3 Objective

This paper aims to set up a concept model with a novel multilateral horizontal well system of the deep HDR reservoir of the Qiabugia
geothermal area. The multilateral horizontal well system consist of horizontal wells with one for injection and another for production,
with several branches. The well system is applied in the reservoir composed of an HDR layer and a simulated reservoir volume
(SRV). The production characteristics of the novel geothermal well system are first investigated. Subsequently, the heat extraction
performance between the multilateral horizontal well and several classic double wells are compared. The sensitivity of production
criteria to the well horizon, branch number, branch spacing, and permeability of SRV are systematically and quantitatively compared.
This study can lay the foundations for the future EGS development with multilateral horizontal well systems at the Qiabugia
geothermal area.

2. DESCRIPTION OF THE NUMERICAL MODEL
2.1 Simulation code

The TOUGH2-EOS1 codes was employed to solve the mathematical models regarding the geothermal heat flow and mass transfer
[27]. TOUGH2-EOSL1 could model the non-isothermal transport of water, which may exist as aqueous and gas phases according to
the conditions of temperature and pressure. The effect of temperature and pressure on physical properties of water and specific
enthalpy etc. are built-in the code. TOUGH2 have been validated through experimental results and analytical solution and widely
used to evaluate the heat extraction of most geothermal fields [5,23,24]. Specific introductions and governing equations can be found
in the user manual and the literature [27].

2.2 Computational model

A multilateral horizontal well EGS model was proposed to develop geothermal energy of the Qiabugia geothermal area. The
geometrical and physical properties of the reservoir are referenced from previous numerical studies [23-26]. The computational
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domain comprises an HDR layer enclosing the SRV (Fig. 3). The computational domain is a 1000 m x 1000 m x 1000 m cube with
a depth range of 2650 — 3650 m. The SRV is a 500 m x 500 m x 500 m cubic volume and located in the center of the HDR layer. The
domain is large enough to reduce the boundary effects during the heat extraction period of interest, which is proved in spatial
distribution of temperature in subsequent section. As shown in Fig. 3, the base deployment of multilateral well consists of one
horizontal injection well, one horizontal production well, and several branch wells connected to them. The angle between the main
horizontal well and the branch well is 90° and the vertical distance between the upper injection well and the lower production well is
400 m. The injection and production wells is 50 m below the top of the SRV and 50 m above the bottom of the SRV. The key
geometrical parameters and reservoir properties are listed in Table 1-3, respectively.

Z SRV: stimulated reservoir volume
HDR: hotdry rock

D: depth
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Figure 3: Schematic of the conceptual domain

Considering the highly varying scales between the rock matrix, SRV, and injection and production wells, a \Voronoi based un-structure
mesh is need to discretize the whole computational domain. The mesh of the SRV and near wellbore were refined. The interfaces
between the SRV and the top and bottom HDR are also refined (Fig. 4). The number of mesh in each layer of the base case is 3374.
A total of 72 layers was discretized, and therefore the total number of mesh is 242928.

Figure 4: Numerical meshing schemes of the base case.

Table 1 Geometrical parameters of the basic multilateral horizontal model.

Parameters Values

Computational dimensions 1000 m x 1000 m x 1000 m
SRV dimensions 500 m x 500 m x 500 m
Length of main horizontal wellbore 250 m

Total length of horizontal lateral wells 500 m
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Number of branch wells 2

Branch well length 125m

Branch well spacing 250 m

Well radius 0.1m
Injection and production well spacing 400 m
Productivity index, Pl 8.18 x 1012 m3

2.3 Physical properties

Sufficient deep granitic rock samples were recovered from the drilled HDR boreholes in the Qiabugia geothermal area . The thermal
conductivities, densities, and heat capacities of the granite cores from the depth 2900 - 3400 m were measured [25]. For thermal
conductivity measured by the Thermal Conductivity Scanning (TCS, manufactured by Lippmann and Rauen GbR Company) with
optical scanning technology [28]. The permeability of the granitic rock matrix was measured by the Three Axis MTS Rock Stiff Test
Machine [29], while the porosity of reservoir rock was inferred from logging data [30]. The detailed material properties used in the
model were listed in Table 2.

Table 2 Reservoir properties of the model.

Parameter HDR layer SRV Wellbore
Density (kg/m?) 2652 2500 1200
Thermal conductivity (W/(m-K)) 2.43 2.8 2.5

Heat capacity (J/(kg-K)) 1100 900 750
Porosity (%) 3 10 100
Permeability (m?) 2.8 %1018 5.0 x 1015 1.0 x 10!

2.4 Initial and boundary conditions

The initial reservoir pressure is computed according to the relationship between pressure P (MPa) and depth z (m) as according Eq.
(1) [5] The initial reservoir pressure at the top and the bottom of model is 23.5 MPa and 33.5 MPa, respectively.

P =-0.0089 MPa/m x z - 0.4444 MPa Q)

The steady-state temperature profile of the GR1 borehole (Fig. 2) is employed to define the initial temperature distribution of the
EGS model, which is defined according to Eq. (2). The initial temperature at the top and bottom of model is 151 °C and 190 °C,
respectively.

T=151 °C + 0.0391 °C/m x (-z - 2650) m )

where the 151 °C is the temperature of the top surface of the computational domain, 39.1 °C/km is the temperature gradient along the
z direction. The equation was acquired by the linear least squares regression method using measured temperature of the depth of 2650
- 3650 m, and the correlation coefficient (R?) is 0.999.

For the injection well, Dirichlet boundary conditions of 60 °C and 50 kg/s, which is a commercial standard mass flow rate for a two
well extraction system [31,32], is applied. While an initial pumping mass flow rate of 50 kg/s were applied at the production well.
That means the water loss of the modeled domain was neglected in this study. To avoid the boundary effect, the lateral, top, and
bottom boundaries were set far away from injection/production wells, these adiabatic and impermeable boundary conditions are
assumed insignificant the modeling results.

2.5 Simulation cases

To optimize heat extraction in Qiabugia geothermal field, the simulation cases designed in this study are listed in Table 4. The
simulation scenarios include a base case of 2 branch horizontal well system, several classic double-well system, and other
deployments of multi-lateral well system. The scenarios of several classic double well system were designed to verify the reliability
and superiority of the 2 branch horizontal well system. Cases 1 and 2 are horizontal double-well EGS with the well length of 250 m
and 500 m, which is equal to the horizontal main wellbore length and the total length of multilateral wells respectively. Case 3 is a
vertical double-well EGS with one for injection and another for production. The well diameter is 0.1 m and the well spacing is 400
m. The well length is 500 m, which is equal to the total length of multilateral wells. Case 4 reverses the horizon of injection and
production well to investigate the effect of well horizon on heat extraction performance. The scenarios of the multilateral well system
were designed to investigate the effect of branch number on heat extraction performance. The total length of the branch well is equal
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to that of the base case, and cases with 3, 4, 5, 6 branches are set respectively. The length of each branch section is equal, and it is
arranged in the direction of cross at equal spacing of the main wellbore. Cases 9 and 10 are designed to investigate the effect of branch
spacing on heat extraction performance. Cases 11 and 12 are designed to investigate the effect of permeability of SRV on heat
extraction performance.

Table 3 Simulation cases.

Main .
Case ID Well type wellbore hWeII Branbc h EISrancr:] Brar!ch Perr:eablllty Remark
length orizon number engt spacing of SRV
Base case 2 125m 250 m Base case
250 m
Case 1 Horizontal UILP - - -
5%10715 m? Classic
Case 2 500 m - - - double-well
EGS
Case 3 Vertical 500 m - - - -
Case 4 LIUP 2 125m 250 m Well horizon
Case 5 3 83.3m 125m
Case 6 4 62.5m 83.3m Branch
Case 7 5 50m | 625m | 5x105m? number
Case 8 Horizontal 250 m 6 41.7m 50 m
UILP
Case 9 83.3m Branch
Case 10 om spacing
2 125m
-15 m2
Case 11 110" m Permeability
250m of SRV
Case 12 5x104 m2

where UILP is upper injection lower production, LIUP is lower injection upper production.

2.6 Performance criteria

Several parameters, namely, production temperature, electric power, flow impedance, and electric energy efficiency were defined to
characterize the heat performance of different simulation cases.

The production temperature (Tpro) is given by

pro

_ Z;qi "

where qi (kg/s) denotes the mass flow rate for production well of element i, Ti (°C) is the water temperature for production well of
element i, and q (kg/s) is the total mass flow rate of the working fluid.

For a geothermal energy exploitation system, the output thermal power (Wh) can be calculated by
Wh =0C,; (Tpro _Tinj) @

where Tinj is the temperature of the injected water and is 60 °C, cps is the heat capacity of water. The variation of cpy is ignored and
an average value of 4200 J/(kg-K) is adopted.

The electric power (We) can be expressed as

Trej
W, =0.45 1-T h ®)

pro

where Trej iS the heat rejection temperature of water and (Trej / Tpro) is calculated with absolute temperature. The mean annual
temperature in the Gonghe Basin is 4.1 °C [33], thus the heat rejection temperature of 277.25 K is used for electric power calculation.
The 0.45 is the utilization efficiency of the maximum mechanical work transferred to electric power [34].
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The flow impedance Ir, a key operation parameter for the EGS, represents the power consumption of unit production rate for
penetrating fluid through the fractured reservoir, which is defined as [35,36].

IR = (Pinj - Ppro)/q (6)

The bottom-hole pressure of the production well is maintained at 15 MPa. The pressure near the injection well varies due to the
constant rate cold water injection, which results in the increase of Ir.

The energy efficiency () of the system is defined as the ratio of the total produced thermal energy to the internal energy consumption

[36]. The internal energy consumption Wy = Wh,inj + Wp,pro, includes mainly the energy consumed by the injection pumps Wp,inj and
the production pumps Wp,pro:

Wp,inj = q(Pinj _pghinj)/pnp (7

Wp,pro = q(pghpro - Ppro)/pnp ®)
In this work, hinj=2950 m, hpro=3350 m, and #p is pump efficiency and is 80%. The variation of p is ignored and an average value of

914 kg/m? is adopted. The heat energy efficiency (i) based on the heat production rate is calculated from Eq. (9), and the electric
energy efficiency (77¢) based on the electric power is calculated from Eq. (10):

Wh ,077pCp,f (Tpro _Tinj)

" VTp ) (Pinj - pro)_Pg(hinj - hpro) ©
g e 0.45077,C, ¢ (T o ~Tis K- Ty / To) w0
: Wp (Pinj - Ppro )_ A9 (hinj - hpro)
The accumulative energy consumption of pumps (yp) can be expressed as
Yo = I;Wpdt (11)

3. THE BASE CASE
3.1 Production temperature

Fig. 5 shows the evolution of production temperature (Tpro) during a period of 20 years. It can be observed that the production
temperature (Tpro) Of the base case decreases gradually with time. The initial high temperature water is produced due to the initial
high temperature of rock near the lower production well caused by the geothermal gradient. The working fluid flows from the upper
injection well into the lower production well and is heated up by the rock during the displacement of the hot water. Therefore, the
working fluid cannot reach the initial temperature of the rock near the production wells (Fig. 6). As the heat extraction process
continues, the cold front propagates downward and reaches the production well, resulting in the continue decrease of the production
temperature. According to Garnish et al. (1985), the drop of Tpro 0f an economical EGS for operation life of 15-20 years should be
less than 10% [37]. The modeling result indicates that Tpro during 20-year drops only 8.3%, and the designed multilateral horizontal
well system can meet the temperature requirement of an economical EGS.

180
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160 . 1 . 1 . 1 . 1 .
0 4 8 12 16 20

Time (years)

Figure 5: Evolution of production temperature (Tpro) Of base case.

The evolution pattern of Tpro are related to the evolution of fluid temperature in the reservoir. As shown in Fig. 6, the cold region
expands gradually with time. The cold region is mainly developed around the injection wellbore, the temperature around the
production wellbore decreases little before thermal breakthrough. This is due to the displacement of the water between the well. The
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initial temperature of the water between the wells is lower than that of the initial temperature near the well. The cold front expands
slowly toward the production well. After about 13 years, the cold front reaches the production well, leading to a faster decrease of
the production temperature (Fig. 5). The influence range of pressure drop is larger than that of the temperature because of the faster
propagation of pressure.
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Figure 6: Reservoir temperature contours (first row) and pressure contours (second row) of the base multilateral horizontal
well.

3.2 Heat production and electricity generation

According to Egs. (4) and (5), heat production rate (Whn) and electric power (We) are illustrated in Fig. 7. The variation patterns of Wh
and We are similar to that of Tpro. Wh decreases from 25.00 MW to 21.76 MW (reduced by 13.0%), while We decreases from 4.35
MW to 3.58 MW (reduced by 17.7%) in the production period of 20 years. For commercial exploitation, the drop of We should be
less than 15% in the entire production life, and a two-well extraction system should obtain an electric power of higher than 3.5 MW
for a water production rate of 50 kg/s [34,36]. Therefore, the geothermal power system proposed in this work can almost meets the
commercial requirements.

4.5

43

3.7

21 1 1 1 1 3.5
0 4 8 12 16 20

Time (years)

Figure 7: Evolution of output thermal power (Wh) and electric power (We)
3.3 Injection pressure and flow impedance

Fig. 8 shows the evolution of injection pressure (Pinj) and flow impedance (Ir) during 20 years. The Pinj significantly increases from
25.4 to 30.7 MPa. Correspondingly, Ir increases from 0.207 to 0.313 MPa/(kg/s). The slow increase of Ir is mainly caused by the
increase of pressure difference and water viscosity , which increases with declining reservoir temperature (Fig. 6). Ir is composed by
the inlet impedance near the injection well, the outlet impedance near the production well, and the reservoir impedance [38], which
is significantly influenced by water loss, hydro-shearing fracture, and thermal stimulation fracture induced in the production process
[35,39]. For an economic EGS project, Ir is expected to be 0.1 - 0.2 MPa/(kg/s) in the entire production life [36,40]. The simulated
Ir here is unacceptable. However, the water loss and fracturing effects are not considered in this work, thus the calculated Ir may be
slightly higher than in the actual situation.



Zhai et al.

32 0.4
] -7,

J

I, (MPa/(kg/s))

25 e
0 4 8 12 16 20

Time (years)

Figure 8: Evolution of injection pressure (Pinj) and flow impedance (Ir)
3.4. Energy efficiency

The energy efficiency (#n) and (7e) are shown in Fig. 9. During the first year, both »n and 7. decline drastically due to the significant
increase of injection pressure (Fig. 8). During the entire production period, the energy efficiency #n decreases from 26.1 to 16.5, and
ne decreases from 4.5 to 2.7. The continual decline of energy efficiency indicates that the cost of internal energy consumption increases
within operation period. The decrease of energy efficiency is mainly attributed to the decrease of Tpro (Fig. 5) and increase of Pinj
(Fig. 8). An ideal energy efficiency of the two horizontal wells system is within a range of 17.2 - 50.0 [39], the energy efficiency here
is 2.7 - 4.5, therefore the designed system cannot meet the industry requirements.

28 5
- 7, |

2694 —A— 7. a5

0 4 8 12 16 20
Time (years)

Figure 9: Evolution of heat energy efficiency (»n) and electric energy efficiency (#e).
3.5 Economic analysis and environmental benefits

The cost of a geothermal project commonly consists of drilling cost, costs for surface installation, and costs for operation and
maintenance.

The drilling costs for the multilateral horizontal well system can be calculated as [41].
C=H,xP,+H,xP, (10)

where Hy = 3650 m, Hn = 1000 m, Py = $ 1100 and Pn = $ 3300 [42]. Thus, the total drilling costs are expected to be $ 7.315 million.

The investment costs for surface installation are generally considered to be linear with the size of the power plant. The unit capital
cost is supposed to decline exponentially with the increasing plant capacity [24,43]. In this work, the unit capital cost is assumed to
be 2000 $/kW according to the design capacity of the proposed EGS power plant [42,43]. Thus, the total costs for surface installation
is about $ 7.0 million.

The costs for operation and maintenance include internal energy consumption W, and other costs like personnel and insurances. The
total energy consumed by the two pumps can be calculated from Egs. (7) and (8). Fig. 10 shows the evolution of W, and yp of two
pumps. The total energy consumed by the two pumps is approximately 212.84 GWh. Because the electricity price (industrial
electricity price of Qinghai Province in 2016) is 0.05 $/kWh, thus, the estimated costs of internal energy consumption are $ 10.642
million. Considering other costs are about $ 2.0 million [24], the total operation and maintenance costs are expected to be $ 12.642
million.
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Figure 10: Evolution of internal energy consumption (Wp) and the accumulated energy consumption of pumps (yp).

According to the above calculations, the total costs of the proposed multilateral horizontal well system of EGS are estimated at about
$ 26.957 million. The modeling results indicate that We decreases from 4.35 MW to 3.58 MW during 20 years. Therefore, for the
proposed EGS project, a power plant capacity of 3.5 MW is reasonable. As a consequence, the base case can generate approximately
613.20 GWh of electricity during 20 years. The levelized cost of energy (LCOE) is calculated by dividing the total costs by the total
power generation, which is estimated at about 0.044 $/kWh and is lower than the industrial electricity price of Qinghai Province in
2016.

Electricity generation from geothermal resources involves much lower greenhouse gas (GHG) emissions than that from fossil fuels
[44,45]. The average GHG emissions of the geothermal power plant are approximately 122 g/kWh [44]. For power generation from
fossil fuels, the GHG emissions equivalent estimated by International Atomic Energy Agency (IAEA) is equivalent to 460 - 1290
9/kWh [24]. Thus, the reduction of GHG emissions is 338 - 1168 g/kWh for geothermal power plants. Based on the proposed EGS
power plant, the results suggest that the total saving in GHG in 20 years are within the range of 0.21 - 0.72 Mt. In terms of carbon
emission trading prices, the price of the Beijing pilot in 2018 is basically stable at 55-60 RMB/t [46]. Thus, the estimated profits of
total saved GHG are 11.55 - 43.2 million RMB. Therefore, under the global background of carbon neutrality, the proposed EGS
power plant is a promising development scheme.

4. DISCUSSION
4.1 Comparisons of base case and cases of classic double-well EGS

In this section, the heat extraction performance of the base case and several classic double-well EGS are compared. Fig. 11. depicts
the evolution of Tpro, We, IR, 7e Of the base case and the cases of classic double-well EGS. As shown in Fig. 11a, the production
temperature (Tpro) Of the horizontal well (Cases 1 and 2) decrease gradually with time, while Tpro of vertical well (Case 3) slightly
increases in the first 10 years and then declines with time. Meanwhile, Tpro Of the base case is higher than that of the Case 3. It can be
observed that the temperature drop of Case 1 occurred earlier than that of the base case, because of the reduction of the heat transfer
area due to the short wellbore length. The temperature curve of the base case is consistent with that of Case 2 owing to the same total
well length. The evolution pattern of the electric power is similar to that of the production temperature (Fig. 11b). Fig. 11c show that
the Ir of the vertical well case is much lower than that of the horizontal well cases. This is because the production and injection wells
are located at the same formation depth, thus the pump work required to overcome the formation pressure is saved, resulting in a
smaller injection-production pressure difference and lower flow impedance (Fig. 12). Ir of Case 1 is the highest due to the shortest
total well length. The shorter the wellbore length, the smaller the area of water cross section, the same flow rate requires a larger
injection-production pressure difference, which results in higher Ir (Fig. 12). The e shows the total opposite situation compared to
Ir (Fig. 11d), this indicates that the energy efficiency is mainly dependent on the internal energy consumption.
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Figure 11: Comparison of base case and classic double-wells of various performance parameters. (a) production temperature
Tporo, (b) electric power We, (c) flow impedance Ir, and (d) energy efficiency e.

Fig. 12. shows the spatial distribution of reservoir temperature and pressure for the base case and classic double-well cases after 20
years. It can be observed that the low-temperature zone extends outward from the injection well to the production well. The heat
extraction of SRV in y direction of the base case is being more thorough than Cases 1 and 2. But Case 2 can obtain more heat
compensation of surrounding rock due to its proximity to HDR area. A preferential channel along the diagonal plane is formed for
the expansion of the low-temperature zone of Case 3. The injection-production pressure difference of horizontal well cases is larger
of vertical well case, increasing with the decrease of the wellbore length. Therefore, the largest difference is observed for Case 1. In
Case 3, the pressure difference is the smallest due to the production and injection wells are located at the same formation depth, and
the pump work required to overcome the formation pressure is saved.
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Figure 12: Spatial temperature and pressure distribution after 20 years for different well arrangement.

In conclusion, the multilateral horizontal well EGS has an equal or even higher heat extraction performance than the conventional
horizontal and vertical double-well EGS, although the multilateral horizontal well EGS obtain less thermal compensation from the
surrounding rock. Meanwhile, the multilateral horizontal well EGS only requires one vertical wellbore, which induces a dramatic
reduction of the drilling cost. On the other hand, the arrangements and geometrical parameters of multilateral wells, including the
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well number, well length, well diameter, etc., can also be optimized to further improve the heat extraction performance. Therefore,
the heat extraction performances of the optimal EGSs with multilateral wells and double wells should be compared in future studies.

4.3 Influence of well horizon

Fig. 13 shows the dependence of Tpro, We, Ir, and #e on the horizon of injection and production well. Switching the horizon of the
injection and production well has great impact on Tpro and We (Fig. 13a and b). Tpro of LIUP increases gradually with time before 12
years and then declines. This is due to the high temperature of the lower reservoir heats the upward the working fluid. The heat
exchange between the fluid and the upper reservoir occurs during the migration of working fluid to the upper production well, which
has a heating effect on the upper reservoir. With continues heat extraction, the heat in the deep high temperature reservoir gradually
recoveres, and the low-temperature region gradually propagates to the production well. As a result, the Tpro and We first increases and
then decreases. Fig. 13c shows that switching the horizon of the injection and production well results in a drastic decrease of Ir. In
LIUP case, the production and injection well horizons are switched based on the base case, the pump work required to overcome the
formation pressure is twice saved, resulting in a smaller injection-production pressure difference and lower flow impedance.
Switching the well horizon results in the drop of Ir from 0.22 to 0.31 to 0.11 to 0.20 MPa/(kg/s), and 7e increases from 2.7 to 4.5 to
7.7 - 28.3 (Fig. 13d). This is due to the combined effect of the We and Ir changes caused by the switch of well horizon, where Ir is
more obviously reduced.

(a) (b)
180 4.4
Well horizon Well horizon
UILP UILP
176 —— LIUP 42 - —— LIUP
172 F ~ 4
) =
= g
~ 168 b a8t
164 - 3.6 -
160 1 1 1 1 3'4 1 1 1 1
0 4 8 12 16 20 0 4 8 12 16 20
Time (years) Time (years)
(¢) (d)
0.4 30
Well horizon Well horizon
UILP UILP
—— LIUP —— LIUP
03
~ 20
2 L
)
n\‘f 02 <
2
~ 10 -
0.1 -
'\
0 n 1 n 1 n 1 n 1 n 0 n 1 n 1 n 1 n 1 n
0 4 8 12 16 20 0 4 8 12 16 20

Time (years) Time (years)
Figure 13: Sensitivity of various performance parameters to well horizon: (a) production temperature Tpro, (b) electric
power We, (c) flow impedance Ir, and (d) energy efficiency #e.

Fig. 14 depicts the spatial distribution of pressure and temperature after 20 years for the base case and Case 4. It can be observed that
the injection and production pressure difference of base case reaches approximately 14 MPa, which is higher than that of 8 MPa of
Case 4. For the production well horizon, the low temperature zone of LIUP case after 20 years is smaller due to the production well
lays in the upper layer with lower temperature.

Well horizon is a key parameter affecting the EGS performance. The well layout of upper injection and lower production could result
in high production temperature but low energy efficiency. While the well layout of lower injection and upper production results in
low production temperature, but the temperature range is less than 10 °C which is more friendly to the regulation of the ground
generation equipment. In addition, the consumption of pump power is greatly reduced, and the energy efficiency is better. Therefore,
lower injection upper production well layout is more favorable.
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Figure 14: Spatial temperature and pressure distribution after 20 years for different injection-production well horizon.
4.3 Influence of branch number

Fig. 15 shows the dependence of Tpro, We, Ir, and 7e on branch numbers. Fig. 15a and b shows that the increase of branch number
results in a decline of Tpro and We, with the difference of Tpro and We mainly occurs in late stage. This is because the increase of branch
number leads to a larger well interference and a lower heat exchange area between fluid and rock matrix (Fig. 16). As a consequence,
more energy is preserved in the rocks after 20 years production. Compared with the base case of 2 branches, the Tpro decreases from
163.6 °C to 160.7 °C for 6 branches. Fig. 15¢ show that the increase of branch number results in a slight increase of Ir. This is because
the more branches result in the lower water temperature and finally the higher water viscosity. Fig. 15b shows increasing branch
number from 2 to 6 results in a drop of We from 4.35 - 3.58 MW to 4.35 - 3.43 MW. Similarly, branch number has a negative
influences on #e (Fig. 15d).
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Figure 15: Sensitivity of various performance parameters to branch number : (a) production temperature Tpro, (b) electric
power We, (c) flow impedance Ir, and (d) energy efficiency e.
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Figure 16: Spatial distribution of SRV temperature of production well horizon after 20 years for different branch number

Overall, branch number is a key parameter affecting the EGS performance. Under the same total well length, the less branch number
can effectively improve water production temperature and heat production rate. It should be noted that the current discussion is based
on the condition that the total well length is constant. If the main wellbore length and the length of a single branch well are fixed, the
impact of branch number on productivity remains to be discussed. Branch number may have a positive impact on production capacity,
however the drilling cost will be increased correspondingly. The overall economics are uncertain, and this is an issue that needs
further study in the future.
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4.4 Influence of branch spacing

Fig. 17 shows the dependence of Tpro, We, Ir, and 7e on branch spacing (db). Fig. 17a and b shows that the decrease of branch spacing
results in a decline of Tpro and We. The Tpro and We of the two cases which the db is reduced basically coincide due to well interference
(Fig. 18). Compared with the base case, the Tpro decreases from 163.6 °C to 160.5 °C for the 0 m db. Fig. 17¢ shows that the decrease
of db results in an increase of Ir. Furthermore, decreasing d» from 250 m to 0 m results in a drop of We from 4.35 - 3.58 MW to 4.35
- 3.43 MW (Fig. 17b), and it also has a negative influence on #e (Fig. 17d).
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Figure 17: Sensitivity of various performance parameters to branch spacing : (a) production temperature Tpro, (b) electric
power W, (c) flow impedance Ir, and (d) energy efficiency e.
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Figure 18: Spatial distribution of SRV temperature of production well horizon after 20 years for different branch spacing

From above discussion, branch spacing has little effect on EGS performance. It should be noted that the current discussion is based
on the condition that there are only 2 branch wells and they are arranged in the direction of cross side of the main wellbore. The well
interference is mainly between the branch well and the main well. When increasing the branch number, more than one branch will be
set on the same side of the main well. Consequently, the branch interference is enhanced. The impact of branch spacing on
productivity remains to be discussed.

4.5 Influence of permeability of SRV

Fig. 19 shows the dependence of Tpro, We, Ir, and #e on the permeability of SRV (ksrv). The Tpro and We decreases with the increase
of permeability of SRV. The Tpro and We decrease more for decreasing ksrv from the 1 x 102° m? to 5 x 10> m?, while a minor
decrease for decreasing the ksrv from 5 x 1015 m? to 1 x 1014 m2. Furthermore, the Tpro and We in the first 12 years is similar for ksrv
of 5 x 1015 m? and 5 x 10"* m?, while a higher Tpro and We in the following 8 years is observed for ksrv of 5 x 104 m2.. Fig. 19¢
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shows that increase of ksrv results in a drastic decrease of Ir. Increasing ksrv from 5 x 1015 m? to 5 x 10-% m? results in the drop of
Ir from 0.22 - 0.31 to 0.09 - 0.10 MPa/(kg/s), and correspondingly the #e increases from 2.7 - 4.5 to 6.2 - 7.9 (Fig. 19d). On the
contrary, the decrease of permeability lower than 5 x 101> m? results in a drastic increase of Ir and a drastic decrease of #e.

This suggests that permeability change means a fluid flow condition change which results in the change of flow impedance. Due to
the geothermal gradient, the change of flow impedance will change the proportion of upper cold fluid and lower hot fluid entering
the production well, resulting in the change of production temperature. Meanwhile, the thermal exploitation is more sufficient in
higher permeability reservoir, especially the surrounding regions (Fig. 20), and the temperature drop rate of production temperature

slows down in the later stage of thermal exploitation.
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Figure 19: Sensitivity of various performance parameters to the permeability of SRV : (a) production temperature Tpro, (b)
electric power We, (c) flow impedance Ir, and (d) energy efficiency #e
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Figure 20: Spatial distribution of fluid temperature after 10 years for different SRV permeability

The higher ksrv is a necessary condition to reduce flow impedance and to save energy consumption. Actually, ksrv is fundamentally
determined by fracture aperture. When the production pressure Ppro is lower than the fracture extension stress, the fracture aperture
near the production well is maintained at constant with a minimum value, which is supported by the wall of rough fractures. Thus,
the potential methods for increasing fracture permeability is pressure propping by holding an elevated back-pressure in the production
well [24, 36, 39].

High permeability of the reservoir can reduce flow impedance and save pump energy consumption, while low permeability will lead
to high pump costs and even the failure of injection. Considering the low porosity and permeability of HDR reservoir, it is difficult
to stimulate the reservoir and predict the stimulation results. The development of fractures is closely related to natural faults and
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stimulation means, and the thermal reservoir after stimulation presents strong heterogeneity. At this time, the application of
multilateral well system based on the permeability distribution characteristics of the reservoir, can enhance the reservoir connectivity
while avoiding fluid short-circuits, which is more conducive to the economic and efficient exploitation of heat from the reservoir.

5. CONCLUSIONS

Based on the GR1 borehole of the Qiabugia geothermal area, Gonghe Basin, a three-dimensional multilateral horizontal well reservoir
model is set up to evaluate the extraction potential of the 2650-3650 m granitic HDR reservoir. The production characteristics of the
novel well system are investigated. Subsequently, the heat extraction performance of multilateral horizontal well and several classic
double wells are compared. The sensitivity of production criteria to the well horizon, branch number, branch spacing, and permeability
of SRV are systematically and quantitatively compared. Based on the simulation results, the following conclusions can be drawn:

(1) For the basic multilateral horizontal well system, the initial production temperature and electric power reaches 178.4 °C and 4.35
MW and decreases by 8.3% and 17.7% during 20 years production, respectively, which satisfy the commercial standard of EGS
development.

(2) The basic multilateral horizontal well system attains an electric power of 3.58 - 4.35 MW, a flow impedance of 0.207 - 0.313
MPa/(kg/s), and an electric energy efficiency of 2.7- 4.5 in the period of 20 years.

(3) The installed power capacity of the proposed configuration is 3.5MW based on the simulation results. The designed power plant
can generate approximately 613.20 GWh of electricity and the total costs are expected to be $ 26.957 million. The LCOE in this work
is estimated at 0.044 $/kWh, which is lower than the industrial electricity price of Qinghai Province in 2016. The saving in GHG
emissions is between 0.21 - 0.72 Mt over 20 years, and the estimated profits are 11.55 - 43.2 million RMB.

(4) The multilateral horizontal well EGS had higher production temperature and electric power than the configurations of horizontal
non-branch well and conventional vertical double-well EGS. However, the vertical double-well EGS could obtain smaller flow
impedance. But the multilateral horizontal well EGS only required one vertical wellbore, which could dramatically save the drilling
cost.

(5) The heat production performance of geothermal reservoir highly depends on the well horizon and branch well arrangement. The
layout of upper injection and lower production wells could result in high production temperature but low energy efficiency. While
the layout of lower injection and upper production wells results in low production temperature but high energy efficiency. Layout of
a lower injection and a upper production well is more favorable. A large number of branch wells brings larger flow impedance and
lower production temperature, due to the strong well interference. Therefore, under the same total well length, less branches and large
branch spacing is the basic principle for the design of multilateral horizontal well system.

(6) Reservoir permeability is one of the main parameters affecting flow impedance and energy efficiency. The higher permeability
can effectively reduce flow impedance and save internal energy consumption.

The proposed EGS with multilateral horizontal wells is demonstrated as an effective method to exploit the HDR reservoir of the
Qiabugia geothermal area. The presented numerical model also offered an efficient tool for the optimization and design of the EGS
with multilateral horizontal wells. For homogeneous reservoir, the advantage of multilateral horizontal well system is minor compared
to classic horizontal double well system with same total well length. However, for heterogeneous reservoir, based on the permeability
distribution characteristics of the reservoir, the application of multilateral well system can enhance the connectivity while avoiding
fluid short-circuits, which is more conducive to the economic and efficient geothermal development. Therefore, the influence of
reservoir heterogeneity and the existence of natural faults and the artificial fractures could be further discussed to optimize the heat
extraction performance in our future studies.
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