Version of Record: https://www.sciencedirect.com/science/article/pii/S1365160919308755
Manuscript_79b301658d8211b287f5cdbfad9ec50b

Heat Production from Lab-scale Enhanced Geothermal Systems in Granite and Gabbro

Lianbo Hu, Ahmad Ghassemi
Reservoir Geomechanics and Seismicity Research Group
The University of Oklahoma, Norman, OK, USA

Abstract

Lab-scale cold water circulation test results and analysis are presented as a proxy for field-scale
heat mining in enhanced/ engineered geothermal systems. The cold water circulation tests were
conducted in hydraulically stimulated igneous rock blocks heated to a uniform temperature. The
test blocks had a five-spot system with one injection well at the center and four producers drilled
about 9 cm away from it. Two kinds of igneous rocks (granite and gabbro) with different
permeability were tested. Due to the heterogeneity of the rock and the notch at the injection well,
different fracture geometries with different number of producers connected by the hydraulic
fracture were obtained. The circulation tests illustrate for the first time a number of interesting
phenomena in a laboratory setting. The great potential of geothermal energy has been
demonstrated by nearly SOW of power produced by the cold water flowing through a hydraulic
fracture in a mini-EGS reservoir, yielding a good heat extraction percentage of 6.24%~7.85% after
2000ml of cold water injection. Also, the cooling effect on the injection pressure and thus the
fracture aperture has been clearly observed in the experiments i.e., with continued cold water
injection the pressure drops, indicating fracture aperture increase due to thermal stress. In addition,
reservoir growth during circulation has been observed based on the AE record and production data.
Production well competition has also been observed when multiple producers were connected to
the injection well by the induced hydraulic fracture, emphasizing the necessity of proper field
management to maximize heat production. The test result indicates that a more “complex” flow
path enhances heat production, and early thermal breakthrough and undesirable fracture
propagation can be avoided by close monitoring of AE, pressure, and production responses.
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1 Introduction

Most high-grade geothermal resource occurs in deep hot, low permeability and often dry rocks.
An enhanced or engineered geothermal system (EGS) can enable extraction of significant
geothermal energy from these rocks by stimulating them to achieve efficient hydraulic
conductivity for heat extraction. However, great challenges need to be overcame before successful
commercial development [1,2]. For an EGS reservoir, after effective hydraulic communication
between the injection well(s) and production well(s) is established, the heating production is
achieved by injecting water and producing hot water/steam from the producer(s). Thus, good
understanding of the fluid flow system in the induced or reactivated fractures is necessary to

maximize the power generation in a sustainable manner.

The role of thermo-hydromechanical coupling during heat extraction from rocks has been the
subject of many investigations [3-13]. These and most other studies have utilized the lubrication
equation for flow modeling and assumed thermal equilibrium between the water and the rock.
Issues such as the effect of small-scale roughness, large-scale aperture variations and nonlinearity
at high Reynolds number [14] have been considered in a few studies [15, 16]. The heat transfer is
of importance in geothermal reservoirs, since the product of an EGS reservoir is mainly extracted
by the water flowing through the fractures. A series of tests on heat transfer by water flow in rock
joint (fracture) has shown that [16, 17] for a fixed joint aperture the heat transfer coefficient
increases with flow velocity, and that as the fracture aperture increases, the heat transfer coefficient
also increase especially at higher temperatures for a given flowrate. Similar to [15], Bai et al [18,
19] conducted experiments on cylindrical granite specimens with a single fracture, with similar
findings. These research studies of fluid flow in fracture with heat transfer were conducted using

fracture(s) formed by splitting relatively small rock samples. Larger scale tests have been



conducted on concrete slabs [20]. Frash et al. [21] conducted Lab-scale EGS simulation of binary
and triple well in large intact granite block using Acoustic Emission (AE) events for drilling
guidance. However, the heat extracted from the induced fracture was negligible since the injection
rate was small and thus the injected water was heated before reaching the bottom of the injection
well. To our knowledge, no heat extraction experiment has been carried out in a hydraulic fracture
created in a rock block. Recently, we developed a novel lab-scale EGS test system to simulate the
EGS development at the lab-scale, including reservoir stimulation, heating mining, and tracer test.
Multiple techniques such as acoustic emission, self-potential survey, temperature monitoring and
tracer were employed to monitor the response of the rock/fracture system. A typical complete
experiment includes an injectivity measurement of the intact block, hydraulic fracturing, a cold-
water injection-production test, and a tracer test to simulate the reservoir creation, heat extraction
and fracture characterization in an EGS system [22-25]. In this work, we present the details of
cold-water injection-production tests and discuss the results of the data gathered from the

experiments and their implication for EGS.

2 Methodology
2.1 Overview of the Test System

Our novel experimental EGS system has several integrated subsystems to simulate the reservoir
stimulation, heating mining and tracer test in lab-scale. The main subsystems include: a polyaxial
frame, hydraulic fracturing and circulation system, heating system, AE and self-potential (SP)
acquisition systems, and tracer system. Figure 1 is a picture showing the system assembly during
circulation tests. The core of the developed system is the polyaxial frame which has the capacity
to accept and load a cubical rock sample with three independently controlled principal stresses.
The loading frame can be heat up to near 100 °C with water inside and can be sealed with high

pore pressure in the rock (around 10 MPa). Detailed information about test system could be found
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in [22-24]. The general idea is first stimulating the intact test block by hydraulic fracturing from
the central injection well to create a fracture within the block. And then, cold-water will be injected
from the injection well and hot water will be produced and collected from the nearby producers to
characterize the fluid/heat flow properties of the induced fracture(s) after heating the system up to
a uniform temperature. The stimulation is performed at room temperature to eliminate the role of
thermal stress for better fracture control and analysis. After the circulation test, a tracer test is
carried out by injecting a tracer and collecting it via production wells to investigate the fracture
volume. After the whole test, the induced fracture is reconstructed in 3D by cutting the sample
into slabs and observing the fracture trace on the cut surfaces. The fracture surfaces are then

digitalized with a Laser scanner to characterize fracture surface.

Figure 1. The system assembly during circulation tests and the polyaxial loading frame was covered by the red
blanket.

2.2 Sample Layout and Temperature Recording

The test samples were 330-mm (13 inch) cubical blocks with one injection well and four

production wells drilled from the top surface. Figure 2 (left) is a top view showing the layout of



the wells and sensors on the top surface, and Figure 2 (right) is a longitudinal sectional view of the
sample showing the interior layout of the wells. The injection well has a drilled depth of 171.5
mm and a diameter of 20.1 mm. The production wells were drilled to a depth of 190.5 mm to
facilitate connection by a hydraulic fracture. A circular notch was made in the injection wellbore
at a depth of 165.1 mm to facilitate the fracture initiation. High strength epoxy was poured into
the hole to seal the annulus between the injection tubing and the wellbore wall with certain length
of unsealed open interval. The unsealed open interval in the injection well is shorter than that in
the production wells, and their lengths were different in some tests. However, the open intervals
were symmetric about the rock block’s middle horizontal plane and the temperature in the
wellbores was measured in the middle of the open interval for all tests. Four production wells were
drilled 88.9 mm (3.5 inch) away from the injection hole. The diameter of the production wells is
10.2 mm. Epoxy cylinders with slightly smaller diameters than the wellbore were placed at the
open intervals to reduce the open space in the wellbores to minimize the effect of wellbore storage
on the tracer test. They also served to minimize the air in the wellbores which could influence the
fracture initiation and propagation. As shown in Figure 2, the hydraulic tubing did not reach the
center of the open interval in the wellbores (it stopped 12.7 mm (0.5 inch) short of the center, and
a plastic tube was added its end to reach the center) in order not to interfere with SP measurement
during the experiments. A thermistor was placed at the bottom of the wells, 1-2 mm to the side of
the plastic conduit, to record the fluid temperature. Thermistors were also placed on the surfaces
of the block to monitor the block boundary temperature. There were two thermistors on the top
surface with one near the injection tubing and one about 64 mm away from the center of the top
surface, while one thermistor was placed in the middle of other block surfaces. Extra thermistors

were put in the frame near the water inlet and outlet (for heating and maintaining the temperature



as discussed later) and on the outer surface of the frame for better temperature monitoring. The
space between the rock block and the inner surface of the loading frame is occupied by flatjacks,
and PEEK or aluminum/steel plate spacers. After the sample is placed into the frame and the frame
is fully assembled, principal stresses were applied by injecting oil into the flatjacks to
predetermined pressure levels. The vertical stress was set as the minimum principal stress and thus
a horizontal fracture was expected to connect with the production wells. The particular stress level

for each test were different as discussed later.
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Figure 2 Top view (left) and longitudinal sectional view (right) of the wells and sensors.

2.3 Water Circulation System and Heating System

Figure 3 shows the schematic diagram of the circulation test setup. Two syringe pumps were used
for the cold-water injection. Both pumps were covered with ice bags and then wrapped with white
cloth insulating strips to keep the injection water (0.002 mole/Liter Sodium Chloride solution) at

a desired low temperature. To achieve continuous cold-water injection, the pumps where operated



inter-changeably to allow refilling. The produced water was periodically collected with bottles of
known volume and weight and the production rate was calculated based on the produced water
weight and the measure collection time. The injection water used to refill the pump was stored in

titration flasks in an ice box to be pre-cooled.

The injection tubing connecting the injection pumps to the bottom of the injection wellbore has an
inner diameter of 0.032 inch to minimized the resident time of the water in the tubing and thus to
obtain a lower temperature at the wellbore bottom. Hydraulic tubing with the same dimeter was
used for the production wells. Other strategies were employed to help lower the water temperature
at the injection well. Firstly, thermal insulation foam and then white cloth strips were wrapped
round the injection tubing to reduce the heat transfer from the air to the water inside. Secondly, a
section of the injection tubing of length of about 3 meters (illustrated with a spring in dash box in
Figure 3) was submerged in ice water to cool the water before entering the frame. At last, the
section of the injection tubing inside the loading frame above the wellhead was covered with

rubber cylinders to reduce the heat transfer from the surrounding hot water in the frame.

___________

X X X
A ﬁﬁ

1
q Sampling bottles
Hydraulic fracture

.

Y
A A]S

’

’

Stressed and heated test block

Figure 3. The schematic diagram of the circulation test setup.



As mentioned before, the temperature of the rock (including everything inside the loading frame)
was increased to a uniform level after hydraulic fracturing. To heat up the rock rapidly and to
maintain its boundary temperature during circulation, hot water was circulated in the frame to heat

exchange with the rock block.

The high-power water heater (as shown in Figure 1) has a power of 30,000 W and it used for
heating the frame, and the low-power heater is mainly used for maintaining the boundary
temperature during the circulation test. During circulation, the low-power heater was switched on
and off based on the recorded temperature on the rock surface. To minimize the heat loss to the air
during heating and circulation test, the loading frame was wrapped with foam insulation and
insulating blankets (In Figure 1, only the red blanket is visible). Figure 4 shows an example of the
temperature history during the heating process before circulation starts indicating that the rock
sample was heated up to a uniform temperature of 67.0 °C from room temperature within 17 hours.
At the early phase of the heating, both the high-power heater and the low power heater were
working and later only low-power heater was on for safety overnight. The heating process usually

started in the afternoon and the circulation test conducted the next day.
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Figure 4. An example of temperature history during heating process.



2.4 Characterization of the Rock/Fluid Used in the Experiments

Up to now, two types of igneous rocks -Sierra White granite and Raven Noir gabbro acquired from
Cold Spring Company were tested. Common triaxial tests were carried out to determine the rock
mechanical properties. Table 1 lists the basic properties of these two tocks. The permeability of
Sierra White granite was measured using a 12.7 mm (0.5 inch) thick disc. Using a 0.69 MPa (100
psi) upstream pressure and 0.34 MPa (50 psi) downstream pressure, the measured permeability
from this 25.4 mm (1.0 inch) diameter disc is about 680 nD. Due to extremely low porosity and
permeability of Raven Noir gabbro, these two properties was not measured and the gabbro can be
reasonably treated as solid nonporous material. The mineral composition was measured using the
Powder X-Ray Diffraction (XRD) method and the result shown in Table 2 indicates Quartz and
Albite dominate the mineral contents of Sierra White granite while Raven Noir gabbro was

dominated by Diopside, Phlogopite and Anorthite.

Table 1 Physical and mechanical properties of tested rocks.

Rock type Sierra White granite Raven Noir gabbro
Density, g/cm3 2.6240.01 3.09+0.01
Porosity, % 0.8+0.2 -
Permeability, nD 680+200 -

Young’s modulus, GPa 68.2+2.6 111.7£2.1
Poisson’s ratio 0.27+0.01 0.24+0.03
UCS, MPa 205.7£5.8 300.9£16.8
Cohesion, MPa 38.3+1.4 57.8+4.4
Friction angle, degree 49.1+0.8 48.0+1.1
Tensile strength, MPa 10.68+1.27 16.3£2.0




Table 2 Mineralogy of the tested rocks.

Sierra White granite Raven Noir gabbro
Quartz 43.5% Diopside 28.47%
Albite 46.2% Phlogopite 27.82%

Sanidine 4.8% Anorthite  18.98%
Biotite 2.7%  Cordierite 9.43%

Minor mineral 2.8%  Microcline 8.12%
Quartz 5.49%
Albite 1.69%

As stated before, the circulation fluid was 0.002 mole/Liter NaCl solution, i.e., the same as the
fluid used for the hydraulic fracturing and tracer test. Consider the concentration of NaCl is very
low, its properties are assumed to be same as that of the pure water. Based on the equations for
density and viscosity of water as a function of temperature, it is known that density variation is the
less than 3 % within the laboratory temperature range (2°C to 80°C) while the viscosity has a much
larger variation (the viscosity of the water could decrease 65% in the whole circulation test with

temperature increase of 50°C).

2.5 Experimental procedure

Table 3 shows the overall test procedures in detail. The main idea is first establishing the hydraulic
connection between the injection and production wells by hydraulic fracturing and then circulating
cold-water between the wells to characterize the fluid/heat flow properties of the induced fracture(s)
after heating the system up to a uniform temperature. The stimulation was performed at room
temperature to eliminate the role of thermal stress for better fracture control and analysis. After
the test, the induced fracture was reconstructed in 3D by cutting the sample into slabs and

observing the fracture trace on the cut surfaces. In this work, we provide the test results and
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analysis about the circulation test. Issues about self-potential, tracer, and detail acoustic emission

analysis could be found in other papers [25,26,27].

Table 3 Lab-scale EGS simulation test procedures.

Step Action Recorded information Days
needed
Location of sensors,
Step 1 Sample preparation, system assembly 10-14

dimensions

Check connection/signal quality,
Step 2 - 3
Apply principal stresses (and pore pressure)

Step 3 Injection index test, hydraulic fracturing AE, SP, flow rate, pressures 1

Step 4 Heat the rock Temperature history 2

o ) ] Temperature, AE, pressure
Step 5 Injection index test, Circulation test 1
flow rate

o Pressure, flow rate, AE
Step 6 Tracer test, Injection index test ] 1
tracer concentration

Disassemble,
Step 7 ) Real 3D fracture geometry 7
fracture geometry reconstruction

Step 8 Analyze test data Report result 7

3 Experimental Results and Comparison with Analytical Solution

Due to the heterogeneity of the rock and the initial notch used to lower the breakdown pressure,
the induced hydraulic fracture in Sierra White granite (SWG) did not propagate uniformly in every
direction. As a result, not all the production wells were intersected by the hydraulic fracture in the
case of the SWG. On the other hand, in the more homogeneous Raven Noir gabbro (RNG), all

production wells were connected by the induced fracture during stimulation. Therefore, circulation

11



tests with different number of the production well connected were obtained in this project, which
in turn provides us with the opportunity to investigate heating mining under different scenarios. In
this section, four different cases will be discussed. The first three cases were conducted with Sierra
White granite, and the fourth case was carried out on a block of Raven Noir gabbro. In all
circulation tests, the production well valves were open to maximize the production and to avoid
fracture further propagation. Other strategies employed to lower the risk of uncontrollable fracture
propagation include stepwise increase of the injection rate and acoustic emission monitoring. The

highest injection rate achieved during circulation tests was 25 ml/min.

3.1 Case I: Heat Extraction form a Hydraulic Fracture Intersecting a Wellbore and
Constrained in the Block

In this case, the induced fracture only intersected Well No.4 upon stimulation (as shown in Figure
5(d)). The fractured block was heated up to a uniform temperature of 63.6°C under a stress
condition of 3.45MPa (vertical stress), 6.89 MPa (minimum horizontal stress) and 10.34 MPa
(maximum horizontal stress). Figure 5(a) shows the injection pressure, injection rate, and the
recorded AE hits. As mentioned before, to avoid uncontrolled fracture propagation to the block
surfaces, the injection rate was slowly increased. The initial injection rate was 1.5ml/min, reaching
25.0 ml/min in the last stage. It can be seen that from Figure 5(a) that at the onset, the injection
pressure is high, and it decreases to a constant level at the end of the test. The initially high injection
pressure is observed for two cycles of (low rate) injection. The subsequent pressure decrease is
likely the result of fracture opening in response to thermal stress [6, 8, 9, 28]. As shown in the
figure, most of the AE hits occurred when the injection rate was increased. The total number of
the recorded AE hits is about 60. However, the increased accumulative AE hits did not necessarily
indicate the fracture propagation and could be the result of fracture aperture enhancement and

adjustment (a very small aperture with a rough surface can experience crushing, breaking, and
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sliding during fracture opening). Acoustic emission activity due to the fracture aperture adjustment
was also observed and by other researchers [29] and in our step constant rate test right after

hydraulic fracturing [26].
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Figure 5. Case I results: (a) injection data and the recorded AE, (b) production rate, (c) heat extraction rate, and (d)
the reconstructed fracture geometry.

During circulation, water produced from the production wells was collected and then weighed to
calculate the production rate. Figure 5(b) shows the injection rate, production rate, and the
percentage of the total produced fluid during the circulation test. It is found that the total percentage
of the produced fluid increased when using a higher injection rate. This can be attributed to a
lowering of the fluid loss into the rock matrix due to lower pressure in the fracture (pressure-
dependent leak-off) and the improved hydraulic conductivity from the injection well to the
producer. Since the induced fracture only intersected Well No.4, with injection rate of 25 ml/min
Well No.4 produced 95.8 % of the injected fluid. The total flow rate from other production wells
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accounted for 2.5 % of the injection rate. So, only 1.7 % of injection fluid was lost to the rock
matrix. This may provide some practical guide for field application: if early thermal breakthrough
and undesirable fracture propagation could be avoided, higher injection rate could result in not

only higher production rate but also less fluid loss.

Figure 6(left) shows the temperature and the injection rate during the circulation test. The
temperature at the bottom of the injection well decreased with increasing injection rate. The
temperature change in the production wells was very small before t=2840s for two reasons; the
temperature of the injected water was high due to the low fluid rate, and the cooling front had not
reached the production wells yet. After two and half hours of circulation, the temperature in
injection wells and production wells 1-4 was 20.7°C, 57.7°C, 59.3°C, 57.4°C, and 47.8°C,
respectively. The corresponding temperature drops were 43.0°C, 6.1°C, 4.6°C, 6.5°C and 16.0°C.
It is quite clear that since most of the injected water flows to Well No.4, it experienced the highest
temperature drop among the production wells. The temperature decrease in other wells was caused
by the fact that the central part of the granite block was cooled by cold water injection. So, the
injected water temperature experienced a temperature increase of 27 °C as it traveled through the
fracture and reached Well No.4. The apparent length of the fracture along that trajectory is about

88.9 mm (the distance from the injection well to the production well).
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Figure 6. Temperature at the wellbore bottom (left) and on the rock surfaces (right) for Case I. The coordinates refer
to the center of the bottom face of the block with positive x- , y-, and z-directions pointing to the north, west, and up,
respectively. The units for coordinate is in mm.

Figure 6(right) shows the temperature variation on the rock block surfaces. It is apparent that at
low injection rates, the temperature at the rock block surfaces were almost constant and at higher
injection rates the temperature started to decrease. The temperature drop on the rock surfaces were:
top (0, 12.7,330): 6.2°C; top (50.8,0,330): 2.3°C; west surface: 2.5°C; north surface: 1.6°C; south
surface: 1.9°C;east surface: 1.5°C and the bottom surface: 2.4°C. The PEEK plate placed directly
on the rock surface (to obtain a better Self-potential (SP) signal) contributed to the relatively large
temperature drop since its thermal conductivity (0.922W/m-K) is not high enough to transfer the
heat from the heating system water to the rock. In subsequent cases (Case III), thin copper sheets
or 0.5/1.0-inch-thick aluminum plates (Case II and IV) were used directly on the rock surface
instead of PEEK plates. It should be pointed out that both PEEK plates and the aluminum plates
have shallow grooves on the side attached to the rock to allow the water flow through. The
temperature variation on the top surface near the injection tubing had the maximum variation
(6.2°C). The influence of the injection tubing is limited to a couple of inches as indicted by the

temperature change of the two points on the top surface.

The heat extracting rate and the total heat extracted during circulation was estimated based on the
following assumptions and calculation. First, the water temperature at the injection wellhead was
estimated based on the water tank temperature and the measured bottom hole temperature with the
assumption that after the water enters the frame its temperature increases linearly from its value in
the water tank to the injection wellbore temperature. With estimated water temperatures at the
production wellhead, the temperature increase (the temperature difference between the

production/injection wellheads, including the temperature gain by water flowing through the
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tubing and the induced fracture) was calculated. Note that the injected water is heated not only
when it flows through the fracture but also when it flows in the wellbore. And due to size of the
block, the extracted heat through the wellbore cannot be neglected. However, the heat extracted
by fluid flowing through the induced fracture can be directly calculated since the temperature of
the water at both the injection well and production well was directly measured. Based on the
flowrate (of only Well No.4 because the flow rate in other wells is negligible) and the production
temperature, the extracted heat was calculated by integrating the heat extraction rate curve (i.e.,

Figure 5c) from the beginning to the end of the circulation:

E=9E_ penr (1a)
dt

E= [ Edi (1b)
0

where E, 0, g, c, AT, f,,are heat extraction rate, fluid density, volumetric flow rate, specific heat

capacity of the fluid, temperature change, and period of the circulation test, respectively.

Figure 5 (c) shows that a higher injection rate results in a higher heat extraction rate and about 62%
of the extracted heat is from the water flowing through the fracture. With the injection rate of 25
ml/min, the heat extracting rate is about 45.6J/s while the total heat extracting rate is 73.8 J/s.
421kJ heat was extracted during the whole circulation stage (about two and half hours), with 262kJ

of the heat extracted by water flowing in the fracture.

3.2 Case II: Heat Extraction form a Hydraulic Fracture Intersecting a Wellbore and the
Block Boundary

In this case, the induced fracture only intersected Well No.1, slightly connecting with the North
surface of the block and passing underneath Well No.2 [26]. The stress magnitudes applied were

3.45 MPa (500 psi) higher than in Case I with 6.89MPa (vertical), 10.34 MPa (minimum horizontal)
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and 13.79 MPa (maximum horizontal). After stimulation, the rock block was heated up to a
uniform temperature of 76.6°C and a circulation tests performed. Figure 7(a) shows the injection
rate and pressure during the circulation test. The initial injection rate was 1.0 ml/min and at the
end of the test, the injection rate had reached 24.0 ml/min. The injection pressure first increased
with increasing injection rate but then it began to decline as the injection rate continued to increase.
This is a clear manifestation of thermal stress caused by cooling the fracture faces [6,8,9,12].
During the final stage of the test, the injection pressure was about 10.4MPa (about 1500 psi). The
rapid pressure drop at the beginning of the circulation likely represents the reopening of the
fracture. The fracture did not propagate during the circulation phase since no sudden pressure drops
were observed after the initial event, and very few AE hits were observed. There are some small
pressure drops in the injection pressure history and they are due to switching between the two

injection pumps used.

Figure 7(b) shows the production data. Since only Well No.1 was intersected by the induced
fracture, most of the injected fluid was produced from it. At a high injection rate of 24 ml/min,
more than 92.2 % of injection fluid was recovered from production wells. Well No.1 yielded 91.6 %
of the injected fluid in the later stages of the test. And the total flow in the other three production
wells was about 0.6 % of the total injection rate. If it is assumed that the amount of fluid leaked
off into the rock matrix was similar to Case I (since the injection pressure at the late phase for this
two cases were similar), then the estimated fluid lost to the drum via the fracture intersection with
the block surface is about 5~6 %. The relatively small fluid loss can be explained by the very small
size of the intersection (about 3.3 cm as shown in Figure 7(d)) and the venting of all the production

wells.
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Figure 7. Case Il results: (a) injection data and the recorded AE, (b) production rate, (c) heat extraction rate during
circulation, and (d) the reconstructed fracture geometry.

Figure 8(left) shows the temperature evolution in the wells and the injection rate information
during the circulation test. After a long time of circulation (about 4.8 hours), the temperatures at
the wellbore bottom were: injection well: 20.2°C; Well No.1: 49.9°C; Well No.2: 67.2°C; Well
No.3: 71.7°C; Well No.4: 71.0°C. The temperature drop in these wells is: 52.6°C, 26.8°C, 9.5°C,
5.0 °C and 5.7°C, respectively. It is quite clear that since most of the injected water flows to Well
No.1, it has the highest temperature drop among the production wells. The temperature decrease
in other wells was caused by fact that the central part of the granite block was cooled by cold water
injection. Figure 8(right) shows the temperature variation of the rock block surfaces. The impact
of the injection tubing on the temperature distribution on the top surface was minimized. In this

test, aluminum plates were put directly on the rock surfaces to facilitate heat transfer from the hot
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circulating water in the frame to the rock block. Compared with the previous circulation test results,

the temperature on the rock surface is very stable even for with a much longer circulation time.

The heat extraction calculation (in Figure 7(c)) shows that a higher injection rate results in a higher
heat extraction rate and about 63 % (which is very similar to Case I) of the extracted heat is from
the water flowing through the fracture when the injection rate was 24 ml/min. In total, 1029k]J heat
was extracted during the circulation stage, with about 643kJ of the heat extracted by water flow in

the fracture.
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Figure 8. Temperature at the bottom of the wells (left) and on the rock surfaces (right) (Case II).

3.3 Case III: Heat Extraction from a Hydraulic Fracture Connected with Two Wells

The stimulation of the block resulted in a horizontal fracture that connected with two of the
production wells (Well No.3 and Well No.4). The induced hydraulic fracture reached to within
several millimeters of Well No.2. After stimulation, the rock was heated to a uniform temperature
of 68.9°C in preparation for the circulation test. The stress condition used was: 3.45MPa (vertical),
6.89 MPa (minimum horizontal), and 10.34 MPa (maximum horizontal). Figure 9(a) shows the
injection rate and pressure during the circulation test. The initial injection rate was 2.0 ml/min,

reaching 25.0 ml/min at the end. The pressure record shows a large pressure drop at the onset of
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the test. It is our opinion that the hydraulic fracture had somewhat healed (for this test block, the
circulation test was conducted one week after the hydraulic fracture stage) during the heating

process while it was subject to the applied stresses.
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Figure 9. Case III results: (a) injection data and the recorded AE, (b) production rate, (c) heat extraction rate, and (d)
the reconstructed fracture geometry.

It seems the fracture did not propagate much during the whole circulation phase since no sudden
pressure drops occurred and the accumulative number of AE hits was small and most of them
occurred whenever the flow rate was increased suggesting fracture aperture re-adjustments or local
failure events in the neighborhood of the fracture. Figure 9(b) shows the production data, from
which it is clear that Well No.1 produced most of the injected fluid. At high injection rates, more
than 97.5 % of the injection fluid was recovered from the production wells. Well No.3 and No.4
each produced 82.8 % and 14.8 % of the injected fluid at the later stages. And the total flow in the
other two production wells was less than 1.0% of the injection rate. During the circulation, a
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competition between Well No.3 and No.4 is observed. At the beginning of the circulation, the
production rates of these two wells increased with the injection rate. However, after the injection
rate reached 10 ml/min, the production rate in Well No.4 remained low and nearly constant (a
slight increase was observed in the last stage). This is essentially a short circuiting (refer to Case
IV) phenomenon. The injected fluid tends to flow through the path of higher conductivity, cooling
the adjacent rock matrix and causing further fracture aperture increase and enhancing flow
concentration. This phenomenon indicates that, well management is also required in EGS field
especially when several production wells are connected to the same injection well. Figure 10(left)
shows the wells temperature and injection rate information during the circulation test. After about
8000s (two hours and 13 minutes) of circulation, the well temperatures were: injection well: 16.9°C;
Well No.1: 64.6°C; Well No.2: 64.2°C; Well No.3: 45.3°C; Well No.4: 59.0°C. These correspond
to temperature drops of 52.6°C, 4.5°C, 4.8°C, 23.8°C and 10.0°C, respectively. Itis quite clear that
since most of the injected water flows to Well No.3, it has the highest temperature drop. The
temperature drop was also higher in Well No.4 than the other two non-producing wells. The small
temperature decrease in other wells was caused by fact that the central part of the granite block

was cooled by cold water injection and heat extraction.
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Figure 10. Temperature at the bottom of the wells (left) and on the rock surfaces (right) for Case III.
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Figure 10(right) shows the temperature variation on the rock block surfaces. During the circulation
test, the temperature change on the north, east and bottom surface was less than 1°C. While the
top, south and west surfaces had a higher temperature change due to the injection tubing and the
fact that the production wells corresponding to these surfaces were connected by the fracture. The
measured temperature change close to the injection tubing is larger than other test since it is closer
to the injection tubing. Figure 9(c) shows that a higher injection rate results in a higher heat
extraction rate and about 74% of the extracted heat is from the water flowing through the fracture
when the injection rate was 25 ml/min. 398kJ of heat was extracted during the whole circulation
stage, with about 295 kJ of the heat extracted by water flow in the fracture.

3.4 Case IV: Heart Extraction from a Hydraulic Fracture in Gabbro Intersecting Four Wells
The fourth case study was conducted on a block of the Raven Noir gabbro which has an extremely
low porosity and permeability. The rock is fine grained and more homogeneous than the Sierra
White granite. In this case, the induced fracture intersected all four production wells during
stimulation. Then the rock block was heated up by hot water circulation in the drum to a uniform
temperature of 77.7°C (in this test the heating process took about 24 hours because the high power
heater was shut-down intentionally after 3 hours of working, and the target temperature was also
higher). The stress condition was: 6.89MPa (vertical), 10.34 MPa (minimum horizontal) and 13.79

MPa (maximum horizontal) stress.

Figure 11(a) shows the injection rate and pressure during the circulation test. The initial injection
rate was 0.2 ml/min and at the end period of the test, the injection rate was 25.0 ml/min. The
injection pressure first increased with injection rate and then decreased with increasing injection

rate. As before, this is attributed to increased aperture in response to thermal stress by cooling of
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the rock matrix around the fracture. At the later stage, the injection pressure was about 9.17 MPa

(1330 psi).

Since the rock block is almost non-porous and the induced fracture is within the rock block, all the
injected fluid was produced from production wells. At the beginning of the circulation test, the
production rate in all production wells increases with increasing injection. Later, Well No.3 started
to dominate the production and production in other three production wells started to decrease to a
negligible level. This was likely caused by slight fracture propagation in the S-SW direction as can
be seen in Figure 11 (d) (the likely outline of the hydraulic fracture prior to 3000s is marked by
the dark red circle. The opinion that the fracture extended during the circulation phase in the period
3000s-4500s, is supported by the sudden jump in AE activity which occurred in the same time
interval (see Figure 11 (a)). The asymmetric fracture shape and its surface morphology enhanced

and focused flow into Well No. 3.
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Figure 11. Case IV results: (a) injection information and the recorded AE, (b) production rate, (c) heating extraction
rate, (d) the reconstructed fracture geometry.

During the last stage of circulation, about 98.2% of the injected fluid was produced from Well
No.3 and only less than 2 % was being produced from all other three production wells. It can be
expected that the well competition could have been mitigated if the injection rate had remained at
the level where production rates from Wells 2 and 3 were increasing harmoniously, but it is
unlikely it could have been completely avoided. It can be observed from the reconstructed fracture
geometry (Figure 11(d)) that the fracture propagated more outwards in the Well 3 direction.
Furthermore, the flow path from the injection well to Well 3 has less elevation variation and thus
it has a small tortuosity and higher hydraulic conductivity (and lower normal stress). All these

elements favored fluid flow to Well No. 3.

Figure 12(left) shows the temperature in the wells and the injection rate information during the
circulation test. After a 12053 s (3 hours and 20 minutes) of circulation, the well temperatures
were: injection well: 20.8°C; Well No.1: 71.9°C; Well No.2: 71.0°C; Well No.3: 49.1°C; Well
No.4: 70.4°C. The temperature drops in these wells are: 57.1°C, 6.2°C, 7.0°C, 28.7°C and 7.5°C,
respectively. It is quite clear that since most of the injected water flows to Well No.3, it has the
highest temperature drop among the production wells. The temperature decrease in other wells

was caused by fact that the central part of the granite block was cooled by cold water injection.

Figure 12(right) shows the temperature variation on the rock block surfaces. In this test, an
aluminum plate was put directly on the rock surface to help transfer the heat from the hot water to
the rock block. The impact of the injection tubing on the temperature distribution on the top surface

was minimized. The temperature change on all the rock surfaces is around 1°C.
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Figure 12. Temperature at the bottom of the wells (left) and on the rock surfaces (right) for Case I'V.

Figure 11(c) shows that a higher injection rate results in a higher heat extraction rate and about
61% of the extracted heat is from the water flowing through the fracture when the injection rate
was 25 ml/min. 684kJ heat was extracted during the whole circulation stage, with about 424kJ of
the heat extracted by water flow in the fracture. It is worth noting that before the “short circuit”
was established, about 67 % of the heat was extracted from the fracture, which means well
management is essential for a EGS systems with multi-production fractures connected to the same
injection well(s). No attempt was made in this test to divert flow to other wells by shutting the
main production well.

3.5 Gringarten Solution and Our Experimental Data

Gringarten et al. [30] presented the analytical solution for heat extraction from fractured hot dry
rock. In the model, two wells connect a series of parallel vertical fractures of uniform aperture,
and cold water is injected from one end and is extracted from the other. Assuming one dimensional
heat flow in the rock matrix, Gringarten’s analytical solution for the case with single fracture and

without geothermal gradient in vertical direction is:
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T (1) =1-erf ((z'D)'”‘S)

a_T =0
on
(2b)

(2a) at the boundary

In which, the dimensionless parameters are defined as:

T. = Tro — Ty (Zvly
e Tro = Tyo (20)

tp, =1(p,c,) 1 (Kepre)(Q12)
(2d)

-3 (2e)

Where, Tro, Two are the reservoir temperature and the injection temperature, respectively; Tw, ¢

is the water temperature in the fracture at a distance z from the inlet. To model the experiment, the

distance from the injection well to the production well is used as z (8.89 cm). A, Gk, C,» Cx are the
density, specific heat for water and formation rock respectively; Kr is the rock thermal

conductivity; Q is the volumetric flow rate per fracture per unit thickness; % is the time lag

between the departure of the water from the injection point and the arrival time at point z and it

could be ignored if the time slag is very small.

The experimental data from Case II (the test closest to Gringarten’s conditions) are compared with
the analytical solution of Gringarten. The recorded test data is shown in Figure 13. The data from
this case was selected due to it having the closest conditions as the Gringarten’s solution does. The
constant parameter used to calculate the dimensionless parameters for the water and test rock is
given in Table 4. The investigated time interval was marked out with the two red dash lines. The

average injection rate and the average injection temperature during this period were used as the
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boundary conditions for both the analytical solution and the calculation of the test result. The rock
temperature at the boundaries (surfaces) during the investigated period was assumed as the
temperature at beginning of the circulation since the temperature was very stable during the whole

circulation test. All these related parameters are listed in Table.4
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Figure 13. The test data used compared with analytical solution was marked out with the two red dash lines.

Table 4. The properties for water and granite and the test conditions

Quantity units value

Injection rate ml/min 14.19
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Rock specific heat J/(kg K) 793

Water specific heat J/(kg K) 4180
Injection temperature °C 32.4
Reservoir temperature °C 76.6

Rock thermal conductivity W-m™.K™! 2.8
Flow distance cm 8.89
Fracture width cm 16.4

The analytical solution and test data are shown in Figure 14, indicating a good. At the very
beginning of the investigated period as marked by a red dash ellipse in the figure, the calculated
Twp is smaller than the analytical solution because the injection rate was lower than the average
injection rate yielding a relatively higher production temperature was obtained. At late time,
Gringarten’s solution departs from experimental data. The main factor contributing to this
difference is the impact of boundary condition. The Gringarten’s solution for one fracture assumes
and infinite reservoir with zero heat flux boundary condition while in the lab test a constant
temperature boundary is imposed a finite distance from the fracture surface. Moreover, in the
Gringarten’s solution one dimensional heat conduction perpendicular to the fracture is considered
while in lab test, the heat conduction in the rock block is three dimensional [31]. These factors
lead to a higher production temperature t at the later stage marked with a red arrow (i.e., lower

dimensionless produced temperature).
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Figure 14. Comparison between the Gringarten’s solution and the test result.

4 Discussion

A novel Lab-scale EGS apparatus was designed and used to simulate EGS hydraulic fracturing
and circulation experiments relying on hydraulic fracturing for reservoir creation rather than other
reservoir creation mechanisms [32-33]. Table 5 summarizes the most important data on heat
extraction from the test cases described in the previous text. Only the heat extracted via the
hydraulic fractures is used to calculate the heat extraction rate listed in the table. The reconstructed

fracture geometries (2D) for all the cases discussed before are also provided in Figure 15.

Table 5. Important data for all the test cases.

Parameters Casel Casell Caselll CaselV
Rock type SWG"  SWG SWG RNG™
Boundary temperature, °C 63.6 76.6 68.9 77.7
Stored heat energy in the rock block, kJ 2867 3832 3261 3914
Maximum injection rate, ml/min 25.0 24.0 25.0 25.0
Injection pressure ?, MPa 12.4 10.4 6.3 9.2
Flow impedance °, MPa/(ml/min) 0.496 0.433 0.252 0.368
Temperature increase ©, °C 27.0 29.8 28.8 28.4
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Heat extracting rate ¢, J/s (W) 46.15 40.13 52.5 46.8

Power consumed for pumping ¢, J/s 5.17 4.16 2.62 3.83
Injection rate at 2000 ml injection f, ml/min 25.0 20.0 25.0 23.0
Fracture area, cm? 144 345 224 495
Circulation time, hours 2.5 4.8 2.2 33
Total extracted heat &, kJ 262 643 295 424
Total extracted heat ", kJ 215 239 256 262
Percentage of extracted heat |, % 7.15 6.24 7.85 6.69
Heat extrgctlon rate per unit injection rate, 185 200 210 203
W/(ml/min)

Heat extraction rate per unit injection rate

pure unit area, W/(ml/min*cm?) 0.013 0.006 0.009 0.004

a: The injection pressure at the maximum injection rate.

b: The flow impedance at the maximum injection rate.

c: The temperature increase for the water produced from the production well at maximum rate

d: The heat extracting rate when the injected volume reached 2000 ml.

e: The power consumed for pumping the injection fluid into the block.

f: The injection rate when the injected volume reached 2000 ml.

g: The total heat extracted from the induced fracture for the whole circulation test.

h: The total heat extracted from the induced fracture when the injected volume reached 2000 ml.

i: The percentage of extracted heat from the induced fracture when the injected volume reached 2000 ml.
SWG": Sierra White granite; RNG**: Raven Noir gabbro

The color in the figure indicates the fracture surface height variation. Comparing the test results
and the fracture geometry yields some useful information and insights. First, the great potential of
EGS to serve as a reliable power supply is clearly demonstrated by the fact that about SOW of
power (high enough to power a household lightbulb,) was produced in each test from a fracture
with 9 cm (3.5-inch) pathway (the distance from the injection well to the production well) in a
330.2 mm (13-inch) cubic rock block with temperature less than 80°C. In the field, the well
distance can be several hundred meters and the rock temperature could reach 200 °C. Based on the
initial temperature and the volumetric specific heat capacity of the rock (assumed to be 2060kJ/
(m?. K)), the initial heat energy stored in the heated blocks relative to room temperature is listed
in Table 5. The percent heat extracted corresponds to that from circulation of 2000 ml of water. It
is found that about 6.24 %~ 7.85% of the heat stored in the heated rock blocks is produced by
circulation through the fracture. The results also provide laboratory validation for Gringarten’s

solution and show its potential shortcoming (1D limitation) for application to small fractures.
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Figure 15. Top view of the fracture geometry for the tests discussed above. The color indicates the height variation
of the fracture surface and the dark red circle indicates the possible induced fracture front after reservoir stimulation.

The heat extraction rates per unit injection rate when 2000 ml of cold water was injected are listed
in Table 5 for all cases. It is found that the Cases II and IV have a similar heat extraction rate value
(2.0 W/(ml/min)) reflecting the fact that the two systems have similar effective heat exchange area
and boundary temperature (the injected fluid was produced from one producer in both cases at the
moment when 2000 ml cold water was injected). Case I has a lower value since the boundary
temperature was lower in that case. Case III has the highest value even though the boundary
temperature is about 9 degrees less than Case II and Case IV. This is because Case III has a larger
effective heat exchange area (production is from two wells producing fluid with considerable flow

rate).
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The heat extraction rate per unit injection rate per unit fracture area (HEPIPA) was calculated and
listed is in Table 5. The calculated values (Case I: 0.013, Case II: 0.006; Case III: 0.009; Case IV:
0.004) show that Case IV has the smallest HEPIPA even though it has the largest fracture area.
This is because the heat extraction rate is a function of the effective heat exchange area (the actual
flow path between the injection and production well) rather than the total fracture surface area.
This suggests that the distance between injection/production wells or the location of the producer(s)
and flow path tortuosity need be optimized to increase the effective heat exchange area in reservoir
stimulation practice. The maximum heat extraction rate is obtained in Case III where both of the

production wells intersected by the hydraulic fracture were producing.

The results of the circulation tests highlight the importance of reservoir creation and field
management, i.e., controlling the injection and production rates to obtain a higher thermal
production rate. For example, in both Case III and Case IV, multiple production wells were
connected to the injection well but Case III had a higher heat extraction rate. In Case IV there was
serious short circuiting and the production rate in three of the production wells dropped to a

negligible level, resulting a less effective heat exchange area.

The impact of fracture geometry/tortuosity on the preferential flow path development is evident in
tests results. In the case where multiple wells were connected by the induced hydraulic fracture,
the fluid tends to flow into the direction with less tortuosity and thus lower flow impedance. For
example, in Case IV, the flow path from the injection well to Well No.3 has less elevation variation
and thus, it has a smaller tortuosity and higher hydraulic conductivity as shown in Figure 14, which

favored flow to Well No.3.

Excessive fracture propagation and high injection pressure was avoided during circulation tests by

increasing the injection rate step by step. The cooling effect of the rock matrix i.e., increased
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fracture conductivity and lowering of the injection pressure is clearly manifested in the circulation
experiments. Numerical simulation had suggested that thermal, mechanical, and hydraulic effects
must be considered when modeling the behavior of an EGS reservoir [3, 6-8, 11-12, 27]. This is
confirmed in our circulation experiments. For example, the injection pressure history in all the
circulation phases indicates that the cooling of the rock matrix has a very important impact on the
fracture flow capacity. The test results provide insight for performing similar tests at larger scales

e.g., in the COLLAB and FORGE projects.

5 Conclusions

Lab-scale heat production test tests as a proxy of field scale enhanced geothermal systems were
carried out using igneous rocks (granite and gabbro). About SOW of power (sufficient to power a
small household lightbulb), was extracted in each test for more than one hour (could be longer if
the circulation tests were conducted until thermal breakthrough) by circulation through hydraulic
fractures of area ranging from 144-495 cm? in a 36x10% cm? rock block. Analysis of the test result
shows that it is the effective fracture area instead of the total fracture area that controls the heat
mining in EGS and thus the distance between injection/production wells or the location of the
producer(s) need be optimized to increase the effective heat exchange area. The heat mining should
be planned and managed such that to avoid/minimize well competition when multiple producers
are connected to the same injection well by hydraulic fractures. The impact of rock texture on the
induced fracture and thus on the heat mining process was observed. Excessive fracture propagation
and high injection pressure was avoided during circulation tests by increasing the injection rate
step by step. The cooling effect of the rock matrix i.e., lowering of the injection pressure is clearly

demonstrated in the circulation experiments. Finally, the heat extraction data was contrasted with
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Gringarten’s solution. The departure between the two was observed in later times and is attributed

to the different boundary conditions and the 1D heat flow assumption in the analytical solution.
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