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a b s t r a c t

Producing complex fracture networks in a safe way plays a critical role in the hot dry rock (HDR)
geothermal energy exploitation. However, conventional hydraulic fracturing (HF) generally produces
high breakdown pressure and results only in single main fracture morphology. Furthermore, HF has also
other problems such as the increased risk of seismic events and consuption of large amount of water. In
this work, a new stimulation method based on cyclic soft stimulation (CSS) and liquid nitrogen (LN2)
fracturing, known as cyclic LN2 fracturing is explored, which we believe has the potential to solve the
above issues related to HF. The fracturing performances including breakdown pressure and fracture
morphology on granites under true-triaxial stresses are investigated and compared with cyclic water
fracturing. Cryo-scanning electron microscopy (Cryo-SEM) tests and X-ray computed tomography (CT)
scanning tests were used for quantitative characterization of fracture parameters and to evaluate the
cyclic LN2 fracturing performances. The results demonstrate that the cyclic LN2 fracturing results in
reduced breakdown pressure, with between 21% and 67% lower pressure compared with using cyclic
water fracturing. Cyclic LN2 fracturing tends to produce more complex and branched fractures, whereas
cyclic water fracturing usually produces a single main fracture under a low number of cycles and
pressure levels. Thermally-induced fractures mostly occur around the interfaces of different particles.
This study shows the potential benefits of cyclic LN2 fracturing on HDR. It is expected to provide theo-
retical guidance for the cyclic LN2 fracturing application in HDR reservoirs.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Recently, deep geothermal energy stored in hot dry rock (HDR)
has gained increasing attention and has been recommended as an
alternative clean and renewable energy resource (Lu, 2018; Song
et al., 2021; Zhu et al., 2021). However, the heat energy is difficult
to extract from the formation due to the low porosity, low
permeability (0.001e0.1 mD) and deep burial depth of HDR reser-
voirs (Wang et al., 2021; Zhang et al., 2019). The building of an
enhanced geothermal system (EGS) with fracture networks by
hydraulic fracturing (HF) technology has provided the possibility of
Yang), huangzw@cup.edu.cn
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efficient heat energy extraction (Lv et al., 2022). As the most
effective exploitationway of HDR reservoirs, the combination of HF
technology and EGS has become the global hotspots, such as the
Fenton Hill project in the USA (Kelkar et al., 2016), the Soultz
project in France (Egert et al., 2020), Pohang project in South Korea
(Kim et al., 2018), the Hijiori project in Japan (Tenma et al., 2008),
etc. However, there are some critical issues in exploiting HDR en-
ergy by conventional HF technique. Firstly, the breakdown pressure
can be very high in some formations due to the high strength of
hard rock and high ground stress. During the stimulation period,
the bottom hole pressure of the PX-2 well with 4348 m depths in
the Pohang EGS site reached 131.8 MPa (Park et al., 2017). Secondly,
single major fracture morphology is the common production by
conventional HF in HDR reservoirs (Rahimi-Aghdam et al., 2019;
Yang et al., 2021c). Creating complex fracture networks inside HDR
is the key to improving the heat transfer efficiency between work
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Schematic diagram of granite specimens taken cooling treatment by cyclic LN2/
water injection.
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fluids and HDR reservoirs in EGS (Hofmann et al., 2014). Finally, the
occurrence of induced or triggered seismic events during conven-
tional HF treatment in EGS sites has raised wide public concern. The
induced microseismicity reached MW 5.5 in the Pohang EGS site
(Kim et al., 2018). There are further examples of induced micro-
seismicity such as ML 3.7 (Baisch et al., 2006) and ML 3.4
(Deichmann and Giardini, 2009) in the Cooper Basin EGS site and
Basel EGS site during the stimulation period, respectively.

A new stimulation method, namely fatigue hydraulic fracturing
(FHF) (Zang et al., 2013) or cyclic soft stimulation (CCS) (Hofmann
et al., 2018), which applies varying innovative injection schemes,
has been proposed to solve the above issues recently. The purpose
of FHF or CCS is to inject fracturing fluids into HDR reservoirs by
using alternating high-injection-rate and low-injection-rate under
limited pressure, pressurization rates and net volumes to allow
stress relaxation at the fracture tips (Zang et al., 2018). The recent
laboratory experiments and field tests have investigated the per-
formances of cyclic hydraulic fracturing in terms of breakdown
pressure, fracture patterns, and the magnitudes of the induced
seismic events (Patel et al., 2017; Zang et al., 2013; Zhuang et al.,
2016, 2019; Zhuang and Zang, 2021). Their results indicated that
induced seismicity by HF is expected to be relieved by cyclic in-
jection due to the controlled release of crack-tip stresses according
to Zhuang and Zang (2021). Besides, cyclic water injection can
reduce the breakdown pressure and produce complex fracture
networks with more branches and smaller apertures in comparison
to conventional hydraulic fracturing (Patel et al., 2017; Zhuang
et al., 2019). The reason behind is that damage accumulation and
fatigue failure inside rocks during cyclic loading can lead to the
decrease of local rock strength by generating an enlarged damage
zone (Zang et al., 2018). Despite these advantages, CCS or FHF still
has the issue of water consumption and waste-water disposal since
large volumes of water needs to be injected into the reservoirs in
order to create large heat-exchanging areas (EPA, 2016; Yoon et al.,
2017).

A novel non-aqueous stimulation method in EGS development
by using liquid nitrogen (LN2) as the fracturing fluid also has
attracted more attention recently due to its unique advantages to
fracture hard and high-temperature formations (Huang et al., 2020;
Sun et al., 2022; Yang et al., 2019b, 2021c). At first, the temperature
of LN2 can reach �196 �C at atmospheric pressure (Wen et al.,
2022). LN2 fracturing can exert a large thermal gradient on near-
borehole formations. This thermal shock can cause near-borehole
shrink formations and create local tensile stress that will induce
fractures (Cha et al., 2021). Micro-fractures orthogonal to the rock
surface will be initiated when the tensile stress increases to a suf-
ficiently high level (Wu et al., 2019). Moreover, LN2 can expand 694
times in volume at atmospheric pressure and room temperature
(20 �C) (Yang et al., 2019a), which means newly thermally-induced
fractures may extend even further by high-pressure nitrogen gas
generated by LN2 vaporization (Yang et al., 2021b). Cyclic LN2
cooling treatment can further significantly deteriorate geo-
mechanical properties such as compressive strength, tensile
strength and elastic modulus, etc. (Rong et al., 2021; Wu et al.,
2019), which benefits the formation of complex fracture pattern.
The mechanical deterioration of rock can greatly decrease the
breakdown pressure and facilitate the extension of main fractures
and branches (Wu et al., 2019). Based on the above advantages,
extensive laboratory and numerical studies have been conducted to
explore the performance of LN2 fracturing and its implications in
the field, which can be divided into these three types: (a) cyclic
heating and LN2 cooling treatment before nitrogen-gas fracturing.
It first generates micro-fractures inside rocks by take cyclic heating
and LN2 cooling treatment, and then nitrogen-gas is injected into
rock to perform fracturing test (Yang et al., 2019b); (b) LN2 assisted
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nitrogen gas fracturing where low-pressure LN2 is injected into the
borehole to induced micro-fractures first, then nitrogen-gas injec-
ted afterwards to perform fracturing test (Cha et al., 2017, 2018;
Wang et al., 2016); (c) high-pressure LN2 fracturing which simply
uses high-pressure LN2 directly to perform fracturing test (Hong
et al., 2022; Yang et al., 2021b, 2021c). The above methods have
the potential to significantly decrease the breakdown pressure and
produce more complex fracture networks inside rocks in compar-
ison to conventional hydraulic fracturing technology. Despite these
successes, to the best of the authors’ knowledge there are only few
published studies of the fracturing performance in HDR by cyclic
LN2 fracturing i.e. enhancing LN2 fracturing performance by cyclic
injection, especially under in-situ stresses. Hence, the fracturing
performance and behaviour of cyclic LN2 fracturing on high-
temperature granites remain not understood.

To fill this research gap, the first controlled cyclic LN2 fracturing
tests on granites under in-situ stresses were conducted through
laboratory experiments to explore the performance of cyclic LN2
fracturing. Fracturing performances, including breakdown pressure
and fracture morphology under various conditions, were studied.
Cyclic water fracturing tests were also carried out as a comparison
with cyclic LN2 fracturing. Cryo-scanning electron microscopy
(Cryo-SEM) tests and X-ray computed tomography (CT) scanning
tests were used for quantitative assessment of fracture parameters
and to reveal the cyclic LN2 fracturing performances. It is expected
to provide theoretical guidance for the cyclic LN2 fracturing appli-
cation in HDR reservoirs.

2. Experimental equipment and experimental methods

2.1. Experimental materials

The schematic diagram of granite specimens taken cooling
treatment by cyclic LN2/water injection can be found in Fig.1 where
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sh, sH and sV denote the minimum horizontal stress, maximum
horizontal stress and vertical stress, respectively. The granite
samples used in this study were taken from Shandong, China with
the size of 100 mm � 100 mm � 100 mm. A 16-mm-diameter and
60-mm-depth borehole was drilled in the middle of a granite
sample to represent scale-down wellbores before the fracturing
experiment. A steel tubing with an outside diameter of 14 mmwas
placed inside the drilled hole and cemented using epoxy-resin
adhesive. The casing extended 40 mm into the borehole with an
open-hole section of 20 mm. A thermocouple attached to the open
hole section was used to monitor the realtime temperature
changes. Besides, granite specimens were cooling down by cyclic
LN2/water injection under true triaxial stresses. LN2 was injected
into the wellbore through the inner pipe and discharged from the
annulus between the inner pipe and wellbore for the cooling
treatment of high-temperature granites. The hot nitrogen gener-
ated by contact with high-temperature granite can be discharged
quickly to accelerate the cooling rate of the open hole section. The
thermal shock inside high-temperature granite around the bore-
hole was enhanced in this way. Water was injected into the well-
bore through the inner pipe, but not discharged from the annulus to
maintain the same injection pressure as the LN2 injection. This is
mainly because water injection cannot maintain the same injection
pressure as LN2 injection when water is discharged from the
annulus. The basic mechanical properties of granite is shown in
Table 1.
2.2. Experimental system

The true triaxial fracturing equipment which is shown in Fig. 2
consists of three systems, namely a true triaxial-loading system, a
cyclic LN2 injection system and a cyclic water injection system. The
true triaxial-loading system (Fig. 2a) was designed to apply triaxial
stress and heat preservation of granite specimens by the steel
boards attached to a layer of asbestos insulation. The asbestos
insulation was performed on a cuboid with a size of
400 mm � 400 mm � 10 mm. The thermal conductivity is
0.15e0.17 W/(m K) when the temperature is under 1000 �C. It has
excellent thermal insulation, high compressive strength and good
frost resistance to ensure the normal operation of high-
temperature granite fracturing experiments. An outer circle and
an inner square structure were adopted in the kettle body. The
system can capacitate the specimen size up to
400 mm � 400 mm � 400 mm and pressure up to 50 MPa. Water
can be injected into the boreholes at constant flow rate mode or
constant pressure mode by using the cyclic water injection system
(Fig. 2b). The water was injected into the boreholes at a constant
flow rate when in constant flow rate mode. In constant pressure
mode, the water was injected at the set flow rate first. Once the
injection pressure reached the set value, the injecting was stoped to
maintain the pressure. Once the injection pressure was lower than
Table 1
Basic mechanical properties of the granite.

Properties Value

Density, kg/m3 2630
Uniaxial compressive strength, MPa 121.97
Tensile strength, MPa 10.02
Young's modulus, GPa 39.41
Poisson's ratio 0.28
Permeability, mD 11.60 � 10�3

Porosity, % 0.45
Cohesive strength, MPa 44.84
Internal friction angle, degree 48.74
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the set value, the water was injected into the borehole at the set
flow rate to maintain the pressure. The maximum injection pres-
sure of the cyclic water injection system can reach 100.0 MPa. The
maximum flow rate and maximum volume of a single injection
were 100.0 mm3/min and 800 mm3 with an accuracy of ±0.1 mm3/
min, respectively. Considering the ultra-low temperature of LN2,
the conventional injection pump is difficult to meet the experi-
mental requirements, which brings many problems such as piston
freezing easily, adding LN2 difficulty and sealing element failure
during LN2 injection. Therefore, high-pressure nitrogen gas was
used to push the ultra-low temperature LN2 into the borehole to
perform the high-pressure LN2 fracturing test in this study. The
cyclic LN2 injection system was designed to produce low-pressure
LN2 for the cooling of high-temperature granite specimens and
inject high-pressure LN2 into the boreholes to simulate the frac-
turing process. The cyclic LN2 injection system consists of four
devices including a self-pressurization LN2 tank, a high-pressure
LN2 container, a gas pressurizer and an air compressor, as shown
in Fig. 2c. LN2 was stored in the self-pressurization LN2 tank at first.
Then, LN2 flowed from the self-pressurization tank along the green
arrows, which is pushed by the nitrogen gas generated inside the
self-pressurization LN2 tank, to fill the high-pressure LN2 container.
The nitrogen-gas pressure inside the LN2 self-pressurization tank
can be adjusted between 1 and 3 MPa as shown in Fig. 3. The high-
temperature granite specimens were cooled down by the low-
pressure LN2 from the self-pressurization LN2 tank and this pro-
cess can be repeated after the granite specimens were reheated.
Finally, the high-pressure nitrogen-gas generated by the gas pres-
surizer flows into a high-pressure LN2 container along the red ar-
rows in Fig. 3 and pushed LN2 into the boreholes along the blue
arrows to perform the high-pressure LN2 fracturing test. The
maximum volumes of self-pressurized LN2 tank and high-pressure
LN2 container were 175 and 5 L, respectively. The maximum pres-
sures of self-pressurized LN2 tank and high-pressure LN2 container
were 4 and 30MPa, respectively. Thermal insulationmaterials were
applied outside the pipelines to maintain LN2 at its cryogenic state
during the cyclic injection. The details of this cyclic LN2 injection
system can be seen in our previous works (Huang et al., 2019; Yang
et al., 2021c).
2.3. Experimental procedure and matrix

The cyclic LN2/water fracturing performance of granite speci-
mens was tested under various conditions in this study. For each
granite specimen fracturing by cyclic LN2 injection, the experi-
mental procedures generally followed the following steps:

(1) Pre-heat the granite specimen in a muffle furnace to 200 �C.
Then load the granite specimens to the set value of in-situ
stresses (stage I in Fig. 5c in Section 3.1).

(2) Before injecting high-pressure LN2 to perform the fracturing
test, inject LN2 at low-pressure levels within 1e3MPa to pre-
cool the pipelines and boreholes until it is discharged from
the annulus between the inner pipe and wellbore as shown
in Section 3.1 (stage II in Fig. 5d).

(3) Take out the granite specimen from the true triaxial-loading
unit. Then put the specimen in the muffle furnace to 200 �C
again and one cooling treatment cycle is finished (stage III in
Fig. 5e).

(4) Repeat steps (1), (2) and (3) to make cooling treatment cycles
reach the target value and then put on to fracturing test.

(5) Fill the high-pressure LN2 container with low-pressure LN2
which is transported from the self-pressurization LN2 tank.
Boost the low-pressure nitrogen gas from the nitrogen gas



Fig. 2. True triaxial fracturing equipment for the formation temperatures and pressures. (a) True triaxial-loading system; (b) Cyclic water injection system; (c) Cyclic LN2 injection
system.
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tank to high-pressure nitrogen gas (30e45 MPa) by the gas
pressurizer, simultaneously.

(6) Repeat step (2) to cool down the pipelines and boreholes to
make sure the later injected high-pressure LN2 maintains
ultra-low temperature. This is the last cooling treatment
cycle.

(7) Open the reducing valves to allow the high-pressure nitro-
gen gas to push the LN2 inside high-pressure LN2 container
into the borehole to accomplish a high-pressure cyclic LN2
fracturing test. The pressure and temperature data should be
recorded during the entire injection process (stage IV in
Fig. 5f).

In cyclic water fracturing, the water was injected into the
boreholes directly. During the low-pressure water injection stage
(stage II in Fig. 5d), the pump was in the constant pressure mode. It
injectedwater into the boreholes at a constant flow rate of 30mm3/
min first. Once the pressure reached the set value of cooling
treatment pressure, the injection was stoped. Meanwhile, the
pump started to work automatically to maintain the wellbore
pressure at the set value when the pressure dropped. During the
high-pressure water injection stage (stage IV in Fig. 5f), the injec-
tion pump was in constant flow mode with a constant injection-
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flow rate of 30 mm3/min.
The average pressurization rate (dP/dt) of cyclic LN2/water

fracturing tests were 0.388 and 0.386 MPa/s, respectively. The
experimental parameter setting of cyclic LN2/water fracturing tests
in this study is listed in Table 2. 18 specimens were used for frac-
turing tests under various fracturing fluids, cooling treatment
pressure, cooling treatment time and cooling treatment cycles. The
in-situ stress data of the HDR reservoirs from the FORGE site in the
USA showed that the horizontal stress difference ratio (ðsH �
shÞ=sh) is within the range of 0.1e0.4 (EGI, 2018). For well GR1 in
Gonghe Basion, the horizontal stress difference ratio is about
0.1e0.4 and the average temperature of the HDR is 218 �C (Lei et al.,
2019). Hence, in this study the horizontal stress difference ratio and
specimen initial temperature were set as 0.4
(sH=sh=sV ¼ 10:0=7:0=15:0 MPa) and 200 �C, respectively.

2.4. Fracture identification and fracture conductivity calculation

After the fracturing test, induced fractures were colored by
injecting dye solution into the borehole at a constant injection-flow
rate of 30 mm3/min without any confining stress to identify the
fracture distributions. The reinjection pressure eventually stabi-
lized at a certain value which can be indicated by the dye solution



Fig. 3. Schematic of the true triaxial cyclic LN2 fracturing equipment. Green arrows show low-pressure LN2 transport route; red arrows show high-pressure nitrogen-gas transport
route; blue arrows show LN2 injection route (Yang et al., 2021c).

Fig. 4. Schematic that shows the intact fracture morphology of a specimen.

C.-Y. Hong, R.-Y. Yang, Z.-W. Huang et al. Petroleum Science 20 (2023) 951e972
that migrated to the surface by a steady seepage along with the
induced fractures. The stabilized reinjection pressure can be used to
calculate the fracture conductivity. A detailed description of the
calculation method can be found in our previous work (Yang et al.,
2021b), which can be expressed as

Cf ¼
25qwm ln

�
re
rw

�
3pDPwf

; (1)

where Cf represents the fracture conductivity, mD mm; re repre-
sents the effective radius, mm; rw represents the wellbore radius,
mm; qw represents the flow rate, mm3/min; m represents the
reinjected-water viscosity, mPa s; DPwf represents the reinjection
pressure, MPa.

Then, the location of induced fractures on the surface of the
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specimen can be marked simultaneously. The intact fracture
morphology of a specimen can be displayed at the same time by the
method as shown in Fig. 4.
2.5. CT scanning and Cryo-SEM imaging

To obtain the fracture morphology inside the specimens, CT
scanning is usually used after fracturing tests (Li et al., 2022). CT
scanning provides a reliable quantitative analysis of induced frac-
tures inside granite samples and in this study the CT has a resolu-
tion of 40 mm � 40 mm � 40 mm. The aperture, length, tortuosity,
deviation angle, surface area and volume of induced fractures were
obtained based on 3D reconstruction of fracture morphology. The
length is the total length of fractures in each 2D CT image. Ac-
cording to previous work, the tortuosity can be estimated by (Hou
et al., 2018):

C¼ L
Ld
; (2)

where C represents the fracture tortuosity; L and Ld represent the
direct length and the cumulative length between the two ends of a
fracture, respectively.

Besides, the deviation angle can be calculated by (Yang et al.,
2021a):



Fig. 5. Temperature and pressure alternation curves during cyclic LN2 and water injection. Temperature and pressure alternation curves during (a) cyclic LN2 injection and (b) cyclic
water injection. (c) Stage I: temperature natural decline curves before fracturing fluid injection; (d) Stage II: temperature curves during low-pressure LN2 and water injection for
cyclic cooling treatment; (e) Stage III: temperature curves during natural warming and muffle furnace heating; (f) Stage IV: temperature curves during high-pressure LN2 and water
injection for fracturing.

Table 2
Experimental matrix for cyclic LN2 and water injection on each granite specimen.

Specimen No. Fracturing fluid Cooling treatment pressure, MPa Cooling treatment time, s Number of cycles Breakdown pressure, MPa Reinjection pressure, MPa

LN1 LN2 1 180 3 16.6 0.78
LN2 LN2 2 180 3 10.5 0.58
LN3 LN2 3 180 3 6.8 0.18
LN4 LN2 2 60 3 16.7 0.39
LN5 LN2 2 300 3 8.1 0.56
LN6 LN2 2 600 3 7.5 0.36
LN7 LN2 0 0 0 26.7 1.62
LN8 LN2 2 180 1 18.1 0.26
LN9 LN2 2 180 5 5.9 0.46
W1 Water 1 180 3 21.1 3.56
W2 Water 2 180 3 19.8 4.63
W3 Water 3 180 3 20.7 3.65
W4 Water 2 60 3 22.9 2.96
W5 Water 2 300 3 17.8 3.59
W6 Water 2 600 3 19.0 3.78
W7 Water 0 0 0 24.7 2.89
W8 Water 2 180 1 23.1 3.56
W9 Water 2 180 5 13.7 2.68

C.-Y. Hong, R.-Y. Yang, Z.-W. Huang et al. Petroleum Science 20 (2023) 951e972
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q¼ cos�1

 
nf,np���nf

���,��np
��
!

(3)

where q represents the deviation angle; np and nf represent the
direction of the maximum horizontal stress and the normal vector
of fracture plane in this study, respectively.

To investigate the thermal shock induced fractures on high-
temperature granite by LN2, Cryo-SEM analysis was conducted to
examine the in-situ fracture patterns and to quantify the fracture
sizes that resulted from LN2 cooling treatment. Direct observation
of induced fractures by alternating thermal stress at cryogenic
conditions (�190 �C) is critical to improve our understanding of the
cyclic LN2 fracturing mechanism on HDR reservoirs. To make a
comparison with the state after cyclic LN2 cooling treatment, the
specimen with the size of 10 mm � 5 mm � 2 mmwas scanned at
room temperature at first. Besides, the surface morphology and
mineral distribution were measured by using a mineral analysis
systemwith a resolution of 0.39 mm � 0.39 mm. Then, the specimen
was frozen in LN2 for at least 10 min after being heated to 200 �C in
a metal bath for more than 20 min. Micro-fractures were initiated
by thermal shock during the period of the cyclic heating and LN2
cooling treatment. After observation by Cryo-SEM under cryogenic
conditions, the specimen was turned into the next heating and
freezing cycle. The procedure of Cryo-SEM observation can be
found in our previous work (Yang et al., 2021c).
3. Experimental results

3.1. Temperature and pressure during cyclic LN2/water injection

The temperature and pressure of boreholes during cyclic LN2/
water injection were presented in Fig. 5. In stage I, true triaxial
stresses were loaded to the specimen. The borehole temperature
naturally declined from 200 �C to around 160 �C in 600 s simulta-
neous. In stage II, low-pressure LN2/water was injected into the
borehole for the cyclic cooling treatment of specimens. The cooling
rate of LN2 was significantly higher as compared to that with water.
Also the cooling rate was higher at the high cooling treatment
pressure. When the cooling treatment pressures were 1, 2 and
3 MPa, the cooling rate presented were around 5, 9 and 13 �C/s,
respectively. Under the low-pressure injection, the temperature of
boreholes by water injection was decreased to about 50 �C slowly
after 180 s. As a comparison, the terminal temperature by LN2 in-
jection was maintained between �165 and �175 �C. However, LN2
can reach �196 �C at atmospheric pressure (boiling point). This is
mainly because the phase boundary and boiling point of nitrogen
are affected by the pressure (Cha et al., 2021). The boiling point of
nitrogen rises with pressure generally. The temperature inside the
specimen remained high and also depended on their proximity to
the thermally-induced fractures. In stage III, the temperature of
boreholes increased gradually (stage ①: remove the specimen
without muffle furnace heating; stage ②: muffle furnace heating).
During the cyclic LN2/water injection and heating, an alternation
huge thermal gradient was created between the borehole and the
inside specimen. In stage IV, high-pressure LN2 and water were
injected into the boreholes for fracturing. The temperature of
boreholes by water injection was decreased to about 30 �C slowly
during fracturing tests. However, the temperature of boreholes by
LN2 injection was increased to around �100 �C and then decreased
to about �170 �C slowly. The possible reason is that the outlet as
shown in Fig. 1 was closed when injected with the high-pressure
LN2. The borehole temperature gradually increased due to the
heat flow from the specimen. Then, the heated nitrogen leaked
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from the fractures and the cold LN2 entered the borehole once the
specimen was fractured so that the temperature gradually
decreased.

3.2. Effect of cooling treatment pressure

The pressureetime curves and breakdown pressures of cyclic
LN2/water fracturing tests on granite specimens under various
cooling treatment pressures were shown in Fig. 6. It should be
noted that the pressure in the high-pressure LN2 container (Fig. 2c)
will increase gradually resulting from the volume expansion of
nitrogen under room temperature (20 �C), which leads to the
pressureetime curves of LN2 fracturing tests starting at relatively
higher pressure. Then, it can be seen that cyclic LN2 fracturing
represents lower breakdown pressure in comparison to cyclic wa-
ter fracturing. Under the same cooling treatment time and cycle
number, cyclic LN2 fracturing presented 21.3%, 47.0% and 67.2%
lower breakdown pressure than cyclic water fracturing, respec-
tively, when the cooling treatment pressure increased from 1 to
3 MPa. It indicated that cyclic LN2 fracturing shows the potential to
decrease more breakdown pressure when specimens are cooled by
higher injection pressure. A higher injection pressure/rate allows
for better thermal exchange and a more depressed thickness of
contact film boiling (the Leidenfrost effect (Li et al., 2018)), which
facilitates thermal conduction and enhances the cooling rate (Cha
et al., 2021; Li et al., 2019). A higher cooling rate is favorable for
thermal shock and enhances the thermal shock because it creates
larger local thermal gradients according to Fig. 5d. The thermally-
induced fractures around the boreholes could facilitate the initia-
tion ofmajor fractures (Yang et al., 2021c). Besides, the tensile stress
induced by the LN2 injection and thermal stress induced by thermal
shock is superimposed on each other, which leads to cyclic LN2
fracturing being more favorable to reaching the breakdown con-
dition (Zhang et al., 2018). Moreover, LN2 has a strong penetrating
capacity (lower viscosity and low interfacial tension), which makes
it effortless to flow through the rock matrix and micro-pores/
fractures in comparison to water. The developed pore pressure
distribution by LN2 injection not only induces circumferential stress
around the borehole but also weakens the strength of specimens
(Hou et al., 2018). As a comparison, increased cooling treatment
pressure of cyclic water fracturing had no contribution to reducing
the breakdown pressure basically due to the poor thermal shock
induced by water injection in this study. However, it is worth
noting that the performance of cyclic water fracturing can be
greatly improved by increasing the number of cycles and cooling
treatment pressure (Hofmann et al., 2018; Patel et al., 2017; Zang
et al., 2021; Zhuang et al., 2019, 2020). In this study, the perfor-
mance of cyclic water fracturing is mainly used to comparewith the
cyclic LN2 fracturing. Hence, the number of cycles and pressure
level during cyclic injection in this study was too low to increase
relatively large-scale fatigue damage around boreholes compared
with previous works.

The fracture morphology under various cooling treatment
pressures was presented in Fig. 7. It can be found that cyclic LN2

fracturing shows the potential to lead to complex fracture networks
rather than a single main fracture in comparison to cyclic water
fracturing. Besides, the fracture patterns become branched with
increasing cooling treatment pressure and form complex fracture
networks when the cooling treatment pressure reached 3 MPa.
However, increased cooling treatment pressure of cyclic water
fracturing had no contribution to enhancing the fracture
complexity in this study either. This can be attributed to a huge
number of micro thermally-induced fractures that were induced
around the boreholes by cyclic LN2 cooling treatment, which fa-
cilitates the propagation of complex fracture networks (Cha et al.,



Fig. 6. Pressureetime curves under various cooling treatment pressures (Pc) (a) Pc ¼ 1 MPa, (b) Pc ¼ 2 MPa, and (c) Pc ¼ 3 MPa; (d) Comparison of breakdown pressure between
cyclic LN2 fracturing and cyclic water fracturing under various cooling treatment pressures. Other experimental parameters are as follows: the cooling treatment time tc is 180 s, and
the number of cycles n is 3.
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2018). Borehole pressurization can enhance the thermal-induced
damage by applying a level of pressure to the borehole (Cha et al.,
2014). Moreover, the volume of LN2 will expand rapidly when in
contact with high-temperature granites, which could facilitate the
propagation of induced fractures.
3.3. Effect of cooling treatment time

Pressureetime curves under various cooling treatment pres-
sures were compared in Fig. 8. It can be found that cyclic LN2
fracturing presented 27.1%, 47.0%, 54.5% and 60.5% lower break-
down pressure in comparison to cyclic water fracturing, respec-
tively under the same cooling treatment pressure and the number
of cycles when the cooling treatment times were 60, 180, 300 and
600 s, respectively. It indicated that cyclic LN2 fracturing shows the
potential to reduce more breakdown pressure when specimens are
taken longer cooling treatment. However, the breakdown pressure
of cyclic water fracturing decreased slightly when the cooling
treatment times increased from 60 to 600 s. The range of thermal
shock regions increased gradually and the breakdown pressure
level of the reservoir rocks can be reduced.

Fracture patterns under various cooling treatment times were
presented in Fig. 9. It can be concluded that the complexity of
fractures by cyclic LN2 fracturing was increased obviously with the
cooling treatment time increased from 60 to 180 s but increased
gradually with the cooling treatment time increased from 180 to
300 s. However, it showed no significant change in cyclic water
fracturing with the increment of cooling treatment time. The
decreasing amplitude of breakdown pressure by cyclic LN2 frac-
turing gradually decreased with the increase in cooling down
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pressure as shown in Fig. 8e. It was 6.2, 2.4 and 0.6 MPa when the
cooling treatment time decreased from 60 to 180 s, from 180 to
300 s, and from 300 to 600 s. It indicated that SRV (stimulated
reservoir volume) and breakdown pressure of hot dry rock reser-
voirs fractured by cyclic LN2 injection can be improved significantly
by increasing cooling treatment time within a certain range. As
explained above, although no breakdown was observed from the
pressure-time curves, damage (e.g., micro thermally-induced frac-
tures) may have already accumulated within the specimen during
cyclic LN2 injection. This may also account for the subsequent
breakdown pressure being smaller and for the greater complexity
of the fractures than cyclic water injection.

However, simply increasing cooling treatment time may not be
beneficial when considering the economic conditions and the
actual situation on the site. Besides, we know that as the well depth
increases, the temperature of LN2 tends to rise as it is transported
along the string to the boreholes, which makes it difficult to reach
the cooling rate presented in this study (Fig. 5). The cyclic fracturing
performance will be greatly affected. According to the previous
works, increasing the number of cycles (heating and cooling cycles)
can effectively improve both the level and region of thermal shock
(Feng et al., 2020; Li et al., 2021; Pai et al., 2021; Zhu et al., 2021).
Hence, we also explore the effect of the number of cycles on LN2
fracturing performance.
3.4. Effect of number of cycles

Pressureetime curves under various cycles can be found in
Fig. 10. It can be concluded that both the breakdown pressure of
cyclic LN2 and water fracturing decreased significantly with the



Fig. 7. Fracture patterns induced by cyclic LN2 fracturing (a, c, e) and cyclic water fracturing (b, d, f) under various cooling treatment pressures (Pc). Red solid lines show the induced
fractures.
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increase in the number of cycles. Cyclic LN2 fracturing presented
21.6%, 47.0%, and 56.9% lower breakdown pressure in comparison to
cyclic water fracturing when the numbers of cycles were 1, 3 and 5,
respectively. It indicated that the coolingeheating cycles are
conducive to enhancing the thermal shock around the boreholes.
Thermal shock in each injection cycle was generated despite total
macro-failure not being achieved. During the cyclic low-pressure
LN2 and water injection stage, the localized thermal fatigue dam-
age was induced by the coupled hydraulicethermal stress. New
fractures were constantly generated to communicate with the
existing pores and fractures. The fracturing width of localized re-
gion also increased with the number of cycles as discussed in
Section 4.2. The permeability, uniaxial compressive strength, elastic
modulus, tensile strength and fracture toughness of granite speci-
mens can be decreased simultaneously according to Wu et al.
(2019) and Rong et al. (2021), which also facilitated the reduced
breakdown pressure. A reduction in breakdown pressure has the
959
benefit of reducing the energy inputs and possibly mitigating
earthquakes. However, cyclic LN2 fracturing presented 8.1% higher
breakdown pressure compared with cyclic water fracturing when
the cycle time was 0 (without cooling treatment). The main reason
is that when the high-pressure LN2 is injected into the boreholes
directly, the LN2 vaporizes rapidly in contact with the high-
temperature specimen. The hot nitrogen cannot be discharged,
resulting in a lower cooling rate and difficulty in forming strong
thermal shock around boreholes. It was similar to conclusion of the
high flow rate of nitrogen-gas fracturing found in our previous
works (Yang et al., 2021c).

Fracture patterns under various cycles were presented in Fig. 11.
It can be found that cyclic LN2 fracturing shows the potential to lead
to 3D volumetric patterns that consist of major fractures and frac-
ture patterns with branches while cyclic water fracturing can only
lead to a bi-wing fracture along with the direction of maximum
horizontal stress. Besides, the total lengths and complexity of



Fig. 8. Pressureetime curves under various cooling treatment times: (a) tc ¼ 60 s, (b) tc ¼ 180 s, (c) tc ¼ 300 s, (d) tc ¼ 600 s; (e) Comparison of breakdown pressure between cyclic
LN2 fracturing and cyclic water fracturing under various treatment times. Other experimental parameters are as follows: the cooling treatment pressure Pc is 2 MPa, and number of
cycles n is 3.
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induced fractures by cyclic LN2 fracturing were significantly
increased with the number of cycles while it showed no significant
change by cyclic water fracturing. It indicated that the cyclic LN2
fracturing shows the potential to form complex fracture networks
with higher conductivity and larger scale. Hence, cryogenic frac-
turing performance on hot dry rock can be enhanced significantly
by cyclic LN2 injection compared with a single LN2 injection or
cyclic water injection. However, increasing the number of cycles
does not mean it is always better in the field application. According
to the previous works, the damage of granite under cyclic heating
and LN2 cooling treatment mainly occurs within the initial few
cycles. However, the mechanical properties decreased smaller with
the increase in the number of cycles after about 10 cycles (Wu et al.,
2019). Hence, the stimulation performance and engineering cost
should be considered together to optimize the number of cycles in
the field application.
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3.5. 3D reconstruction and quantitative analysis of induced
fractures

To provide a comprehensive quantitative analysis of the fracture
morphology inside the specimens as shown in Sections 3.2, 3.3 and
3.4, three representative samples (Nos. W2, LN2 and LN9) were
chosen for the CT scanning after cyclic LN2/water fracturing tests.
Firstly, typical 2D CT images were presented in Fig. 12a. Then, 3D
reconstruction of fracture patterns was presented in Fig. 12b. Note
that some micro-fractures smaller than the image resolution of
40 mm per pixel may have been omitted. Since fractures exist in
three dimensions, their performance and locations vary in various
cross-sections through the specimens. Hence, somemajor fractures
and fracture branches initiated from the borehole throughout to the
specimen surface presented in Section 3 haven't been shown in the
2D CT image and 3D reconstruction due to the restricted resolution.



Fig. 9. Fracture patterns induced by cyclic LN2 fracturing (a, c, e) and cyclic water fracturing (b, d, f) under various cooling treatment times tc. Red solid lines show the induced
fractures.
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Fig. 10. Pressureetime curves under various number of cycles n: (a) n ¼ 0, (b), (c) n ¼ 3, and (d) n ¼ 5; (e) Comparison of breakdown pressure between cyclic LN2 fracturing and
cyclic water fracturing under various number of cycles. Other experimental parameters are as follows: the cooling treatment pressure Pc is 2 MPa, cooling treatment time tc is 180 s.
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It can be found that cyclic LN2 fracturing can create complex frac-
tures with more micro-fractures and branches compared with cy-
clic water fracturing. Because they are branched, the fractures tend
to have a wider spread than the fractures induced by cyclic water
injection, although some are shorter. Besides, the major fractures
all extend along the direction of maximum horizontal stress
generally. However, the major fractures tend to deviate from the
direction of maximum horizontal stress with the increase in the
number of cycles by cyclic LN2 fracturing. It indicated that
thermally-induced fractures (not easily controlled by in-situ stress)
have an important influence on the fracture propagation path.
Hence, cyclic LN2 fracturing has the potential to lead to 3D volu-
metric patterns that consist of major fractures and branched frac-
tures while cyclic water fracturing can only lead to a bi-wing
fracture along with the direction of maximum horizontal stress.

To estimate the fracturing performance under various
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conditions quantitatively, the fracture parameters including aper-
ture, length, tortuosity, deviation angle, surface area, and volume of
induced fractures were obtained based on 2D CT images and 3D
reconstruction as shown in Fig. 13. The calculation method can be
seen in Section 2.5. It can be found that the average aperture has a
tiny difference in average aperture between cyclic LN2 fracturing
and cyclic water fracturing. However, the total length, average
tortuosity, total surface area, total volume and average fracture
conductivity by cyclic LN2 fracturing were presented as 210.8%,
19.6%,143.6%, 142.6% and 773.6% larger than cyclic water fracturing,
respectively. Besides, the average aperture, total length, average
tortuosity, total surface area and total volume by cyclic LN2 frac-
turing were enhanced by 15.0%, 72.72%, 48.1%, 266.6% and 308.7%
when the number of cycles increases from 3 to 5, respectively.
According to Fig. 13f, the percent of the deviation angle around
0e50� by cyclic LN2 fracturing was larger than cyclic water



Fig. 11. Fracture patterns induced by cyclic LN2 fracturing (a, c, e) and cyclic water fracturing (b, d, f) under various cycles. Red solid lines show the induced fractures.
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Fig. 12. CT scanning results for specimens W1, LN1 and LN9. (a) X-ray CT 2D slices in horizontal cross-section; (b) 3D reconstructed-fracture-networks.

C.-Y. Hong, R.-Y. Yang, Z.-W. Huang et al. Petroleum Science 20 (2023) 951e972
fracturing. It further indicated that the induced fractures of cyclic
LN2 fracturing can be more curved.

In summary, the fracturing performance of cyclic LN2 fracturing
was significantly better than cyclic water fracturing, which is
conducive to enhancing the heat exchange efficiency of EGS. Be-
sides, it can be enhanced by increasing the number of cycles.
964
4. Discussion

4.1. Cryo-SEM imaging

To make a comparison with the state after LN2 cooling treat-
ment, the surface morphology and mineral distribution were first



Fig. 13. Comparison of fracture parameters between cyclic LN2 fracturing and cyclic water fracturing. (a) Average aperture; (b) Total surface area; (c) Average tortuosity of the
induced fractures; (d) Total surface area; (e) Total volumes; (f) Deviation angle ratio; (e) Fracture conductivity.
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Fig. 14. Standard SEM image analysis. (a) Overall images; (b) Mineral analysis; (c) Mineral contents.

Table 3
The uniaxial thermal expansion coefficient of main minerals (Chon et al., 2003; Igarashi et al., 2015).

Mineral K-feldspar Oligoclase Quartz Biotite

Uniaxial thermal expansion coefficient, 10�6 K�1 2.0e5.1 5.2e6.0 15.0e24.3 4.44e16.5
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measured by using a mineral analysis system as shown in Fig. 14. It
can be found that the main minerals in this granite specimen are
oligoclase, K-feldspar and quartz, accounting for 47.34%, 32.25% and
14.16% of the total mineral content, respectively. The uniaxial
thermal expansion coefficient of main minerals including K-feld-
spar, oligoclase, quartz and biotite is shown in Table 3. In addition,
four representative regions of different minerals were selected for
observation. Position I and Position IV were selected around the
interfaces of oligoclase and quartz. Position II and Position III were
selected inside oligoclase and K-feldspar, respectively.

Figs. 15e18 presented the surface morphological alterations
under various cycles at cryogenic in-situ conditions in Position I,
Position II, Position III and Position IV, respectively. Prior to the LN2
treatment (0 cycle), several pores with nano to micro sizes existed,
but there were no noticeable fractures at the surface. After LN2
treatment (1 cycle), fractures were initiated with branches in Po-
sition I and Position IV. As the number of cycles increased to 3 and
5, the thermally-induced fractures seemed to become more
obvious in Position I and Position IV. To compare the change of
fracture aperture with the number of cycles, Zoom region I and
Zoom region II in Fig. 18 were selected for observation at greater
magnification (Fig. 18a and b). It can be found that the fracture
width increased with the increment of cycles. The average fracture
widths in Fig.18awere around 2.396, 2.965, and 3.535 mmwhen the
number of cycles was 1, 3 and 5, respectively. The average fracture
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widths in Fig.18bwere around 5.495, 6.698, and 7.380 mmwhen the
numbers of cycles were 1, 3 and 5, respectively. During the period of
cyclic LN2 cooling treatment, some new micro-fractures will be
formed as shown in Fig. 19c. Hence, the more cycles, the more
complex and wider micro-fractures will be induced, which
contribute to enhancing the fracturing performance of LN2
injection.

Besides, there were still no noticeable fractures at the surface in
Position II, Position III as the numbers of cycles were increased to 1,
3 or 5. The main reason is that different minerals have various
thermophysical properties (Igarashi et al., 2015). Thus, different
minerals expand or extract differently when subjected to thermal
shock due to the various thermal expansion coefficients. The un-
equal expansion or extraction has the potential to lead to defor-
mation mismatch and create sharp thermal shock at mineral
boundaries. During LN2 cooling treatment or unloading, stress-
concentration points arise at sharp corners between different par-
ticles (Zang, 1993). Hence, cementation between adjacent minerals
can be easily broken andmany intergranular micro-fractures create
during this period. However, the intragranular micro-fractures
cannot be easily formed. In sum, increasing the number of cycles
may be a better choice when it is difficult to increase the cooling
rate or there is little effect to prolonging the cooling treatment
time.



Fig. 15. Fracture morphology under various cycles at cryogenic in-situ conditions in position I (Fig. 14). (a) Standard SEM image under 0 cycle; (b) Cryo-SEM image under 1 cycle; (c)
Cryo-SEM image under 3 cycles; (d) Cryo-SEM image under 5 cycles.

Fig. 16. Fracture morphology under various cycles at cryogenic in-situ conditions in position II (Fig. 14). (a) Standard SEM image under 0 cycle; (b) Cryo-SEM image under 1 cycle; (c)
Cryo-SEM image under 3 cycles; (d) Cryo-SEM image under 5 cycles.
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Fig. 17. Fracture morphology under various cycles at cryogenic in-situ conditions in position III (Fig. 14). (a) Standard SEM image under 0 cycle; (b) Cryo-SEM image under 1 cycle;
(c) Cryo-SEM image under 3 cycles; (d) Cryo-SEM image under 5 cycles.
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4.2. Field applications

To sum up, LN2 fracturing performance on HDR can be enhanced
by cyclic injection and shows enormous potential to enhance the
heat transfer efficiency in EGS. However, the field application of
cyclic LN2 fracturing is not easy. A higher cooling rate and huge
temperature difference between super-cold LN2 and high-
temperature reservoirs are favorable for thermal shock and
enhance the thermal shock because it creates larger local thermal
gradients. To enhance the efficiency of cyclic LN2 fracturing, some
necessary methods must be taken to ensure LN2 is at a super-cold
state during the cyclic injection. For example, the wellheads and
pipelines should be made of materials that can withstand the
super-cold and high-pressure LN2 during the cyclic LN2 fracturing
process. The pipelines and boreholes should take pre-cooled
treatment by injecting LN2 at low-pressure levels before injecting
high-pressure LN2 into the borehole. In addition, LN2 can be
transported through a double-layered tubing with a vacuum
annulus (Yang et al., 2019b) or using the heat preservation mate-
rials such as fiberglass (McDaniel et al., 1997) to provide a heat
transfer barrier during the super-cold LN2 delivery through the
tubing to the high-temperature reservoirs as shown in Fig. 20.
Finally, LN2 is pumped into the reservoirs in a cyclic manner, i.e.
alternate high-injection-rate and low-injection-rate. By injecting
the cryogenic fracturing fluid in either cyclic injection rate or cyclic
injection pressure scheme in HDR formation, rocks will be sub-
jected to cyclic cooling and fatigue failure, which is expected to
further lower the breakdown pressure and enhance the stimulated
968
reservoir volume (SRV).
5. Conclusions

In this paper, we proposed an innovative geothermal reservoir
stimulation methodd cyclic LN2 fracturing. To verify the efficiency
of the method, we conducted cyclic LN2 fracturing laboratory ex-
periments on granite and compared them with cyclic water frac-
turing. The breakdown pressures and fracture morphology were
investigated under various testing conditions. The effects of cooling
treatment time, cooling treatment pressure/rate and number of
cycles were analyzed. Then, the fracture parameters in terms of
conductivity, aperture, length, tortuosity, deflection angle, surface
area and volumes were quantitatively analyzed by using CT scan-
ning. Finally, the fracture morphology on granite specimens
induced by cyclic LN2 treatment under cryogenic conditions was
achieved by Cryo-SEM. The following major conclusions were
drawn:

(1) Cyclic LN2 fracturing shows the potential to decrease the
breakdown pressure, with 21.3%e67.2% lower pressure in
comparison to cyclic water fracturing, but presented 8.1%
higher without cooling treatment. Cyclic LN2 fracturing tends
to produce complex and branched fractures, whereas cyclic
water fracturing usually produces a single main fracture
under a low number of cycles and pressure levels. The total
length, average tortuosity, total surface area, total volume
and average fracture conductivity can be significantly



Fig. 18. Fracture morphology under various cycles at cryogenic in-situ conditions in position IV (Fig. 14). (a) Standard SEM image under 0 cycle; (b) Cryo-SEM image under 1 cycle;
(c) Cryo-SEM image under 3 cycles; (d) Cryo-SEM image under 5 cycles.
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Fig. 19. Fracture morphology under various cycles at cryogenic in-situ conditions. (a) Zoom region I in Fig. 18; (b) Zoom region II in Fig. 18; (c) Cryo-SEM images under various cycles.

Fig. 20. Schematic diagram of cyclic LN2 fracturing in an HDR reservoir.
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enhanced by 210.8%, 19.6%, 143.6%, 142.6% and 773.6%,
respectively.

(2) The fracturewidth increasedwith the increase in the number
of cycles and thermally-induced fractures mostly occur
around the interfaces of different particles based on Cryo-
SEM and mineral analysis systems. Besides, the average
aperture, total length, average tortuosity, total surface area
and total volume by cyclic LN2 fracturing can be enhanced by
15.0%, 72.72%, 48.1%, 266.6% and 308.7% when the number of
cycles increases from 3 to 5, respectively.

(3) Increasing the cooling treatment pressure, cooling treatment
time and the number of cycles can improve the complexity of
induced fractures and reduce the breakdown pressure.
Increasing the number of cycles may be a better choice when
it is difficult to increase the cooling rate or there is no sig-
nificant effect to prolong the cooling treatment time. How-
ever, the stimulation performance and engineering cost
should be considered together to optimize the number of
cycles in the field application.

(4) The conclusions above are limited to laboratory experiments.
The LN2 fracturing performance by cyclic injection should be
further verified through more field applications and nu-
merical studies in the futures.
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