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Abstract: This paper focuses on the study of the evolutionary mechanism governing the temperature field
of geothermal reservoir under low-temperature tailwater reinjection conditions, which is crucial for the
sustainable geothermal energy management. With advancing exploitation of geothermal resources deepens,
precise understanding of this mechanism becomes paramount for devising effective reinjection strategies,
optimizing reservoir utilization, and bolstering the economic viability of geothermal energy development.
The article presents a comprehensive review of temperature field evolution across diverse heterogeneous
thermal reservoirs under low-temperature tailwater reinjection conditions, and analyzes key factors influ-
encing this evolution. It evaluates existing research methods, highlighting their strengths and limitations.
The study identifies gaps in the application of rock seepage and heat transfer theories on a large scale,
alongside the need for enhanced accuracy in field test results, particularly regarding computational effi-
ciency of fractured thermal reservoir models under multi-well reinjection conditions. To address these
shortcomings, the study proposes conducting large-scale rock seepage and heat transfer experiments,
coupled with multi-tracer techniques for field testing, aimed at optimizing fractured thermal reservoir
models' computational efficiency under multi-well reinjection conditions. Additionally, it suggests integrat-
ing deep learning methods into research endeavors. These initiatives are of significance in deepening the
understanding of the evolution process of the temperature field in deep thermal reservoirs and enhancing the
sustainability of deep geothermal resource development.
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geothermal development activities, such as curtail-
ing water pollution and sustaining reservoir pres-
sure and geothermal water level (Liu, 2003; Wang
et al. 2020a), but also aligns with the global shift
towards clean, renewable energy sources amid

Introduction

The application of low-temperature geothermal
water reinjection technology in the field of

geothermal energy has emerged as a cornerstone of
sustainable development strategies. This technol-
ogy not only helps reduce the adverse impacts of
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pressing environmental concerns Nonetheless,
challenges inherent in the geothermal develop-
ment process, such as declining reservoir pressure,
reduced production capacity, and potential envi-
ronmental issues, pose serious tests to the sustain-
ability of geothermal energy development (Kamila
et al. 2021).

Since its pioneering implementation at the
Geysers geothermal field in the United States
during the 1970s (Einarsson et al. 1975; Stefans-
son, 1997), low-temperature tailwater reinjection
technology has been widely adopted worldwide.
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By reintroducing low-temperature tailwater gener-
ated during extraction back into underground ther-
mal reservoir, the problems of groundwater level
reduction and surface subsidence caused by
geothermal fluid extraction are effectively allevi-
ated, demonstrating the potential for sustainable
geothermal energy development (Allen and
Milenic, 2003). So far, reinjection technology has
been implemented in more than half of the global
geothermal fields, with some areas achieving rein-
jection rate of up to 100% (Kamila et al. 2021;
Diaz et al. 2016), underscoring the important value
of low-temperature tailwater reinjection technol-
ogy in sustainable geothermal energy utilization.
However, prolonged low-temperature tailwater
reinjection may trigger adverse effects on the ther-
mal reservoirs, such as temperature field reduction
and even thermal breakthrough events. These
consequences not only diminish geothermal well
productivity but can also necessitate geothermal
well shutdowns, resulting in significant economic
losses (Cao et al. 2021). Therefore, studying the
influence of low-temperature tailwater reinjection
on thermal reservoir temperature field evolution is
crucial for optimizing reinjection strategies,
preventing thermal breakthrough, and improving
mining efficiency and economic viability.

To address this challenge, scientists and engi-
neers have employed a variety of research meth-
ods, including laboratory experiments, field tests
and numerical simulation, to delve into the mecha-
nism of the influence of low-temperature tailwater
reinjection on thermal reservoir temperature evolu-
tion (Huang et al. 2021; Zeng et al. 2008; Zayed et
al. 2023). Through these methods, researchers can
unveilseepage and heat transfer characteristics of
thermal reservoirs and propose optimal reinjection
strategies based on experimental data and simula-
tion results, thereby effectively controlling the
change of temperature field and extending the
economic life cycle of geothermal fields. However,
the complexity of deep heat storage, particularly
the heterogeneity of thermal reservoirs under high-
temperature, high-stress environment and the
complex geological structure, poses new chal-
lenges. These challenges manifest in, highly
permeable pilot channels in thermal reservoirs,
facilitating pilot flow in geothermal reinjection and
resulting in significant heat storage and recovery
efficiency reductions (Liu et al. 2023). These
factors increase the difficulty in studying the
evolution mechanism of thermal storage tempera-
ture field. Moreover, current research methods
have some limitations in simulating real geologi-
cal conditions, predicting temperature changes
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within hot reservoirs and addressing complex frac-
ture networks.

This paper aims to review and analyze research
progress regarding the temperature field evolution
of thermal reservoirs under low-temperature tail-
water reinjection conditions. It includes compara-
tive analysis of temperature field evolution in
different heterogeneous thermal reservoirs and
explores key factors affecting temperature field
evolution. In addition, this paper evaluates the
advantages and limitations of current research
methods and discusses future research needs and
directions. This endeavor seeks to offer valuable
insights for further research on deep thermal reser-
voir temperature field evolution, promote the
scientific and efficient development of geothermal
energy, and establish a solid theoretical and practi-
cal foundation for its sustainable utilization.
Through comprehensive analyses and discussions,
we hope to establish a more comprehensive under-
standing framework, provide effective manage-
ment and technical strategies for geothermal
energy development, and ensure that geothermal
energy, as an important renewable energy source,
plays a key role in the global energy transition.

1 Thermal reservoir temperature field
evolution

Understanding the evolution mechanism of tem-
perature field in a geothermal reservoir is para-
mount for optimizing geothermal extraction and
management. The evolution of temperature field in
low-temperature tailwater reinjection hot reser-
voirs refers to the disturbance of the reservoir's
original thermal equilibrium caused by the reinjec-
tion of geothermal water after heat extraction. This
process involves thermal conduction, convection,
diffusion, and changes in the physicochemical
properties of rocks, leading to continuous changes
in the distribution of temperature within the reser-
voir. The time span of temperature field evolution
in reinjection projects can span years, decades, or
even centuries (Du et al. 2021; Wang et al. 2022b;
Wang et al. 2021; Shi et al. 2023; Zayed et al.
2023).

The evolution of geothermal reservoir tempera-
ture field under the action of low-temperature tail-
water reinjection can be divided into several
stages.

(1) Initial phase: Prior to exploitation, the
geothermal reservoir resides in a quasi-stable ther-
mal equilibrium. Heat transfer within the deep
reservoir is slow, primarily governed by the
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geothermal gradient and geological structures, in
the absence of anthropogenic extraction.

(2) Production and reinjection phase: Geother-
mal fluid extraction for power generation or heat-
ing purposes leads to a drop in reservoir pressure.
The utilized geothermal water, now at a reduced
temperature, is reinjected into the reservoir.

(3) Early reinjection phase: Cold water absorbs
heat from the reservoir rocks through thermal
conduction and convection, causing temperature
decline. A distinct cold zone emerges around the
reinjection well, delineated by a sharp temperature
gradient known as a cold front, while the tempera-
ture of the producing well remains unaffected.

(4) Temperature field evolution phase: Continu-
ous injection of cold brine enhances thermal
convection within the reservoir, expanding the cold
zone around the reinjection well and advancing the
cold front outward. The induced convective flow
under the influence of extraction pumping acceler-
ates thermal energy transfer, causing the cold front
to bulge towards the production well.

(5) Long-term impact phase: Prolonged reinjec-
tion of cold brine causes the bulging cold front to
eventually pass the production well, impacting its
temperature. Consequently, the average tempera-
ture of the reservoir declines, diminishing the

(a) Time=0.05 a

(c) Time=10.00 a

effective lifespan of the reservoir and the effi-
ciency of energy recovery.

Thermal reservoirs with disparate pore struc-
tures manifest divergent heterogeneity distribution
traits. The plethora of pore structures within sand-
stone thermal reservoirs endows them with marked
heterogeneity, whilst the presence of intricate frac-
ture networks confers a robust heterogeneity upon
both carbonate and granite thermal reservoirs. The
degree of heterogeneity within these thermal reser-
voirs is not only influences the geothermal fluid
percolation but also significantly affectsreservoir
thermal field progression and thermal front config-
uration (Liu et al. 2020b; Yao et al. 2022; Zheng et
al. 2022; Liu et al. 2019a).

The temperature field evolution processes in
thermal reservoirs with different degrees of hetero-
geneity distribution are shown in Fig. 1 and Fig. 2,
respectively (Wang et al. 2023; Wang et al. 2021).
Fig. 1 illustrates the evolution process of tempera-
ture field in a sandstone thermal storage reservoir
dominated by pore structure, with reinjection
temperature at 293 K, thermal storage temperature
at 417 K, and a well distance of 400 m. In contrast,
Fig. 2 shows the reservoir temperature field distri-
bution in a carbonate rock thermal reservoir or
granite thermal reservoir dominated by fracture
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Fig. 1 Temperature field distribution of thermal reservoir in pore sandstone at different time (a) t=0.05a,

(b) t=1a, (c) t=10a, (d) t=30a (Wang et al. 2023)
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structure, with a well distance of 270 m, reinjec-
tion tailwater temperature of 30°C and reservoir
temperature of 92°C for 20 years of simulated
operation.

Temperature/°C
0

) =20a

(©) =152

Fig. 2 Temperature field distribution of fractured
carbonate thermal reservoir at different time (a) t=1a,
(b) t=10a, (c) t=15a, (d) t=20a (Wang et al. 2021)

Comparison of the temperature field evolution
processes in two different types of non-homoge-
neous heat reservoirs reveals consistent overall
trends but in the extension speed of the low-
temperature zone, the morphology of the cold
front, and temperature drop. These differences
depend on factors such as internal pore structure,
physical properties of different types of reservoirs,
as well as the design of reinjection scheme, influ-
encing the heat reservoir temperature field. The
heat transfer in porous reservoir is relatively
uniform, with a round and smooth cold peak
surface in the initial reinjection stage. With long-
term operation, the cold front expands evenly, tran-
sitioning from round to conical. However, in
fissure-structured reservoirs, partially connected
fissures accelerate the tailwater flow and the local
cold front migration, resulting in a jagge cold front
shape during migration and expansion (Jin et al.
2022).

2 Influencing factors of temperature
field evolution in thermal reservoir

Understanding the impact mechanism of low-
temperature tailwater reinjection on the thermal
reservoir temperature field evolution is crucial for
the development and utilization of geothermal
energy. The reinjecting process involves multiple
complex physical and chemical mechanisms,
including thermal conduction, thermal convection,
heat diffusion, and water-rock interactions. There

208

are numerous factors affecting these processes,
among which the properties of the thermal reser-
voir and the reinjection scheme are two categories
that have a significant impact on the evolution of
the thermal reservoir's temperature field.

2.1 Effect of thermal reservoir proper-
ties on thermal reservoir temperature
field

Thermal reservoir permeability is an intrinsic prop-
erty of the reservoir. The effects of thermal reser-
voirs permeability on the temperature field vary
greatly (Liu et al. 2020b; Qu et al. 2017). Low
permeability thermal reservoirs are not easily
conducive to injection water in thermal reservoirs
and heat exchange with rock masses, leading to the
water accumulated at the injection well. Conse-
quently, heat conduction dominates in the reser-
voirs layer, with weak heat convection effect,
resulting in slow heating of the injected water and
the formation of a low-temperature zone. A ther-
mal reservoir with higher permeability enables
reinjection water to have exchange heat over a
larger range, facilitating more efficient heat extrac-
tion and a faster migration of the cold front in the
temperature field, leading to a greater temperature
field drop. However, excessively high permeabil-
ity can cause rapid fluid velocity, resulting in poor
heat exchange and thermal breakthrough.

The properties of fracture structure significantly
influence the permeability of fractured geothermal
reservoirs. These properties, including aperture,
dip angle, and width, play a critical role in shaping
the evolution of the temperature field within the
reservoir (Li et al. 2019; Yao et al. 2022; Sun et al.
2023). Larger fracture apertures facilitate stronger
flow mobility and velocity of injected waters,
intensifying the convection effect. This leads to a
more rapid decline in local reservoir temperature
and a faster movement of the temperature field's
cold front and a greater temperature decrease at
production well. The relationship between differ-
ent fracture apertures and the average reservoir
temperature is shown in Fig. 3 (Li et al. 2019).
Fracture dip angle affects the flow direction and
velocity of the hot fluid in the fractures. Fractures
with different dip angles promote the flow of
injected water in the geothermal reservoir, leading
to a faster local temperature decrease, uneven heat
exchange, and a saw-tooth-shaped cold front in the
temperature field. Fracture width directly affects
reservoir permeability. Wider fractures enhance the
injected flow mobility and heat exchange capacity.
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However, excessively wide fractures accelerate
flow velocity, reducing contact time with rock, and
hastening temperature changes within the reser-
voir, thus affecting temperature field evolution.
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Fig. 3 Relationship between different fracture open-

ings and average reservoir temperature (Li et al.
2019)

2.2 Influence of reinjection scheme on
thermal reservoir temperature field

The reinjection scheme encompasses various
factors, including production well spacing and
distribution pattern, injection temperature and pres-
sure, and others, which directly affect the distribu-
tion and evolution of thermal reservoir tempera-
ture field. Properly designed reinjection scheme
can result in premature thermal breakthrough in
geothermal wells, and, in severe cases, lead to well
shutdown.

Proper production and injection well spacing
and distribution patterns are determined based on
the characteristics of the thermal reservoir. Opti-
mal well spacing should not only maintain thermal
reservoir, but also mitigate the risk of thermal
breakthrough caused by the formation of preferen-
tial flow channels between production and injec-
tion wells (Zhou et al. 2022; Du et al. 2019; Tang
and Qiu, 2023; Wang et al. 2021; Fan et al. 2023).
The spacing between injection and production
wells determines the seepage path and duration of
heat exchange for reinjected water. When the
distance is too short, reinjected water may affect
production well temperature. Increasing spacing
allows reinjected water sufficient time and distance
to absorb heat from the geothermal reservoir,
delaying the arrival of cold front at production
wells. Fig. 4 illustrates the relationship between
different injection-production spacings and geoth-
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ermal reservoir temperature of the on the produc-
tion side (Wang et al. 2021). In addition to well
spacing, the layout of injection wells also influ-
ences seepage path and duration of reinjected
water. When the line connecting the injection wells
aligns with the main direction of fractures, a domi-
nant pathway is formed. This dominant pathway
accelerates the injected water flow, enhancing
geothermal recovery efficiency. However, it also
speeds up the movement of thermal front, result-
ing in a greater decrease in temperature (Zheng et
al. 2022). Currently, numerical simulation meth-
ods are employed to quantitatively assess well
spacing and location selection. This involves
adjusting the distribution of well spacing and loca-
tions, simulating reservoir flow and temperature
fields, and analyzing temperature changes at
production wells.

Average temperature of pumping side/°C

20 40 60 80 100
Time/a
Fig. 4 Average temperature of thermal reservoir on
the mining side with different irrigation and irriga-

tion spacing (Wang et al. 2021)

The magnitude of reinjection pressure directly
affects the flow rate and velocity of reinjected
water. The greater the reinjection pressure, the
greater the flow rate, resulting in a larger amount
of low-temperature water injected per unit of time.
As reinjection water mixes with the hot fluid in the
geothermal reservoir, localized temperature drops
occur. At the same time, higher reinjection pres-
sure enhances fluid mobility within the reservoir
and the heat convection process, promoting ther-
mal transfer and accelerating the movement of the
thermal front. As shown in Fig. 5, higher reinjec-
tion pressures result in an initial temperature drop
at the extraction well, with a greater rate and extent
of the temperature decrease (Zhou et al. 2022; Bett
and Yasuhiro, 2023; Cheng et al. 2023).
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Fig. 5 Mining side temperature at different reinjec-
tion pressure (Wang et al. 2021)

Comparing research across different geothermal
fields reveals a fundamental similarity in the
impact mechanism of reinjection temperature on
thermal reservoir temperature fields. Lower rein-
jection temperatures result in greater temperature
difference between reservoir rock and reinjected
fluid, which enhances convective heat transfer
within the thermal reservoir and increases heat
exchange efficiency with reservoir rock. Conse-
quently, the cold front in the thermal reservoir
temperature field forms prematurely, with ampli-
fied rates and extents of temperature decrease.
Trends in temperature changes at production wells
with different reinjection temperatures are illus-
trated in Fig. 6 (Wang et al. 2022a; Cheng et al.
2011; Xiao et al. 2021; Cui et al. 2018a), which
displays the variations in production well tempera-
tures under current reinjection temperature of 30°C
and the simulated reinjection temperatures of 40°C
and 50°C. It can be seen that the migration of the
cold front is closely related to the tailwater temper-
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Fig. 6 Mining side temperature at different reinjec-
tion temperature (Wang et al. 2021)
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ature. The lower tailwater temperature, the greater
temperature difference occurs between the thermal
reservoir rock and the fluid, leading to earlier cold
front formation. This relationship is also influ-
enced by reinjection pressure, reinjection fluid
velocity, thermal reservoir structure and character-
istics.

3 Research method of temperature
field evolution in thermal reservoir
under low temperature tailwater rein-
jection

The primary methods employed in studying the
evolution thermal reservoir temperature field under
the conditions of low-temperature tailwater rein-
jection include laboratory experiments, field tests,
and numerical simulations. Laboratory experi-
ments on heat transfer in rock seepage not only
provide important parameters for accurately calcu-
lating thermal reservoir temperature field but also
serve as an excellent approach to investigate perco-
lation heat transfer theory. Although field reinjec-
tion tests are costly, they offer significant practical
value and serve as an important validation of
indoor experiments. Numerical simulation pro-
vides enhanced capability for predicting and asse-
ssing of the thermal storage temperature field. By
integrating these various methods, complementing
each other, and verifying results, research into the
mechanism of thermal reservoir temperature field
evolution can be refined.

3.1 Laboratory experiments

Laboratory experiments on the evolution of tem-
perature field in hot reservoir typically focus on
single fracture rock to study heat transfer proper-
ties of rock fracture seepage. Percolation heat
transfer experiments aim to analyze the process of
heat exchange between the rock surface and fluid
in the thermal reservoir, a process closely related
to seepage. Early studies on fluid flow and heat
transfer in rock fractures primarily focused on
smooth or horizontal fractures. Researchers used
the parallel plate model to simulate actual rough
fracture to investigate the effects of rock sample
temperature, crack opening, fluid flow rate and
other factors on the heat transfer within the frac-
tures under different temperature and pressure
conditions (Zhao and Brown, 1992; Zhao and Tso,
1993). However, subsequent research discovered
that the parallel plate simplification method intro-
duced inaccuracies to experimental results. To

http://gwse.iheg.org.cn
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better fit the actual thermal reservoir scenario,
most studies utilized artificially split granite with
rough fracture surfaces to investigate the impact of
roughness on experiments. Fractal dimension and
profile waviness were introduced to characterize
the roughness of granite and sandstone samples.
Experiments were carried out to analyze the seep-
age characteristics of smooth cracks and rough
cracks, and to study the effect of lithology and
roughness on the seepage heat transfer characteris-
tics of rock fractures (Ma et al. 2019b; Ma et al.
2019a; He et al. 2016; Zhang et al. 2021).

In order to obtain systematic conclusions due to
the significant variation in fracture structure among
natural rock samples, it is essential to employ a
method for controlling roughness and aperture
ensure repeatability in rock samples. Therefore,
Huang et al. (2021) utilized Joint Roughness Coef-
ficient (JRC) model and 3D printing technology to
artificially create rock samples with varying
surface roughness. Subsequently, they conducted
seepage heat transfer tests to analyze the seepage
heat transfer characteristics at different tempera-
tures and flow rates (Huang et al. 2021). In recent
years, Du et al. (2021) and Liu et al. (2023) have
performed small-scale experiments using dye trac-
ing techniques to address the challenge of insuffi-
cient visibility of fluid percolation and heat trans-
fer processes in experiments. By visualizing the
microscopic etched model structure, they were able
to observe in detail the seepage behavior of rein-
jection water at different fracture angles and flow
rates. On the basis of these observations, they inte-

Heating
controller

grated a physical model of cementation to further
investigate the fluid flow dynamics relative to the
temperature field (Du et al. 2019; Liu et al. 2020a).

The current system used in laboratory experi-
ments can simulate the seepage and heat transfer of
thermal reservoir under in-situ environment during
production and injection. The experimental device
usually consists of six parts: Water injection, sand-
wich, confining pressure, heating, temperature mea-
surement, data acquisition and recording system, as
shown in Fig. 7 (Huang et al. 2021; Huang et al.
2019). Through core gripper, confining pressure
and heating system, the hot reservoir with high tem-
perature and pressure is simulated, while the water
injection system is used to inject distilled water at
room temperature or about 20°C into the core at a
constant flow rate and pressure. During the experi-
ment, the inlet and outlet temperature, sample
surface temperature and flow rate were monitored
by the temperature measurement, data acquisition
and recording system (Ma et al. 2019b; Ma et al.
2019a; Zhang et al. 2021; Ma et al. 2023).

The heat transfer characteristics of rock seepage
in laboratory experiments are usually evaluated
through convection heat transfer coefficient, a
crucial parameter describing the heat transfer char-
acteristics of fluid across the crack surface. Previ-
ous studies have analyzed the effect of seepage
heat transfer on different rock samples and
proposed calculation formula for the convective
heat transfer coefficient, as outlined in Table 1.
However, significant disparities persist in the
calculation of the convective heat transfer coeffi-
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Fig. 7 Experimental apparatus for seepage and heat transfer (Huang et al. 2021)
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Table 1 Formula for convective heat transfer coefficient of rocks

Author Types of thermal storage rocks Convective heat transfer formula
T, T, K,
—In T -7 pwcpwwu67
Zhao (2014) Granite =—F —lT < 7
In TT — T: pucpwudy + KL
. 21.16¢,Apud(Tr —T)
h=
Zhang (2014) Granite 42.320LT, - 2rcyropud(T5 — T1) — 21 16AL(T; +T2)
h= C]7,wpwué(T2 - Tl)
Bai et al. (2016) Granite (7. - Cpuwpwitd(T2 =T1) Ti+To
¢ 42.32K,L 2
. . cowm(T2 —T1)
Lietal. (2017 Granite ==
( ) S(Ts—Ty)
h= Cp,wprv(TZ - Tl)
Luo et al. (2019 ) Granite - Ti+1>
dL(TC - )
h= prwqw(TWZ - Twl)

Zhan (2021) Carbonate rock

1
2LR |:§ (Til + Ti2) +Te—(Ty1 + TwZ)

cient under similar rock conditions. This differ-
ence can be attributed to the influence of the inter-
nal structure of rock samples and fluid injection
conditions on the heat transfer process. Fracture
roughness, fracture distribution, injection flow rate,
injection velocity and rock sample temperature are
key factors that determine the convective heat
transfer coefficient.

In the table, % is the convective heat transfer
coefficient (W/(me-K)); ¢, 1s the specific heat
capacity of water (J/(kg'K)); p, is the density of
water (kg/m’); u is the flow rate of water (m/s); ¢
is the crack opening (mm); 7, is the inlet tempera-
ture (°C or K); T, is the outlet temperature (°C or
K); L is the characteristic length of rock sample
(mm); 7, is the outer surface temperature of the
rock sample (°C or K); L, is half of the characteris-
tic length of the rock sample (mm). K. is the ther-
mal conductivity of the rock (W/(m-K)); d is the
diameter of rock sample (mm); S is the fracture
surface area of the rock sample (mm’); m is the
mass of rock sample (kg); 7, is the average
temperature of the inner surface of the rock sample
(°C or K); g,, is the volume flow of water (m’/s).

3.2 Field test

Field tests are conducted following the completion
of geothermal drilling, in order to assess the
hydraulic connection between production and
injection wells and the feasibility of reinjection
schemes. These tests can also provide valuable
information for reinjection scheme optimization
and the establishment of numerical models. Typi-
cally, field tests include pumping test and tracer
test. Pumping test can be used predict the quantity
of injection water and reservoir production. While
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pumping tests offer a straightforward flow and
intuitive insight into site characteristics, they only
reflect the macro-level characteristics of the heat
reservoir and cannot accurately obtain internal
changes (Luo, 2018). In contrast, tracer tests deter-
mine concentration the tracer concentration peak
time from the concentration response curve. This
allows for the analysis of seepage characteristics,
heat transfer areas, temperature changes of low-
temperature tailwater in the thermal reservoir, and
prediction of heat migration breakthrough time.
Tracer tests are more accurate and comprehensive
than pumping tests in evaluating the connectivity
between production and injection wells, predicting
the heat transfer areas and temperature changes,
and are widely used in most reinjection projects
(Wang and Lu, 2023; Kuo et al. 2018).

The application of tracer tests in geothermal
fields has evolved over time. Initially, natural trac-
ers such as isotopes and inert gases were used,
enabling the identification of water sources and the
study of water migration in hot reservoirs. These
tests proved valuable in monitoring dynamic
changes in geothermal fields during exploitation,
as well as determining optimal well locations and
spacing (Ellis, 1977; Mazor and Truesdell, 1984).
Subsequently, stable tracers such as artificially
manufactured halides, fluorescein, and radioiso-
topes were used in tracer tests, such as chlorides in
the Palinpinon-I geothermal field in the Philip-
pines (Sullera and Horne, 2001). Fluorescein trac-
ing experiments were conducted in the Olkaria
geothermal field in Kenya (Wang'ombe et al.
2014), the Soultz-sous-Forets geothermal field in
France (Radilla et al. 2012; Aquilina et al. 2004),
and the Niutuzhen geothermal field (Wang et al.
2013; Qiao et al. 2023). Using sodium naphtha-
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lene sulfonate, a tracer test for well injection was
carried out in Xianxian geothermal field (Li et al.
2020; Liu et al. 2019b; Liu et al. 2022). Radioiso-
tope tracer tests were conducted in the Wairakei
geothermal field in New Zealand (Bullivant and
O'sullivan, 1989) and the Wanglanzhuang geother-
mal field (Zeng et al. 2008). These tests have
demonstrated well inter-well connectivity and
water transport time, but stabale tracers alone are
insufficient to assess heat transfer area and temper-
ature changes.

In recent years, tracer tests have advanced with
the introduction of reactive and intelligent tracers.
The use of these tracers can obtain the heat trans-
fer area and temperature variation of hot reservoir
and expand the study range of tracer tests. Reac-
tive tracers are generally divided into two cate-
gories: Adsorption tracers and temperature-respon-
sive tracers. The heat exchange area between the
fracture and the rock matrix can be determined by
adsorbing the adsorbed tracer on the rock surface
during migration. Temperature-responsive tracers
undergo a thermal decay reaction in the thermal
reservoir system, allowing for the assessment of
temperature changes based on the reaction rate
(Cao et al. 2018; Cao et al. 2020). Previous studies
have confirmed that amino G, saffranine T and
Rhodamine W undergo adsorption reactions at
high temperatures, while some experiments use the
adsorption of cations, such as lithium and cesium
ions (Reimus et al. 2020; Hawkins et al. 2018). In
the Lightning Dock geothermal field, adsorption
and temperature-responsive tracers were combined
to study the effective heat transfer area and temper-
ature decline of thermal storage, and the uncer-

Table 2 Classification of common tracers

tainty of using multiple tracers was also discussed
(Reimus et al. 2020). Smart tracers are designed in
combination with nanotechnology, and their diffu-
sion, thermal degradation and adsorption can be
achieved by adjusting the size, shape, shell and
surface ligand of the nanoparticles. Tracer test
applications can be designed as conservative trac-
ers or reactive tracers according to requirements
(Alaskar et al. 2015; Liao and Cirpka, 2011). Many
laboratory studies have been conducted, but smart
tracers have not yet been used in field tracer tests
(Bottacin-Busolin et al. 2021).

Selecting appropriate tracer is crucial for achiev-
ing satisfactory tracer test results. As there are
many types of tracers with different functions and
properties (Table 2), the selection of tracers is
influenced by different thermal reservoir lithology
(Liu, 2019; Ren et al. 2023; Pollack et al. 2021).
For example, tracers with acidic aqueous solution
should be avoided for carbonate thermal reservoir,
while granite thermal reservoirs are prone to react-
ing with alkaline tracer due to their higher SiO,
content. In field test, the environmental conditions
of thermal reservoir and the physical and chemical
properties of the tracer should be fully considered
to minimize the influence on the test results.

3.3 Numerical simulation

Analytical methods and numerical simulation
methods play a pivotal role in analyzing data from
laboratory experiments and field tests, contribut-
ing significantly to our understanding of geother-
mal utilization. While analytical methods provide
accurate solutions by assuming the geometric

Shortage

Category Common tracers Advantage
Natural Hydrogen and oxygen —
tracer isotopes, noble gases,
ZZZRn

Inert tracers NaCl, KCI, NaBr, KBr, Good low temperature stability and easy The background value in storage is high,

Ki. el. halide to detect
Fluorescein, sodium
naphthalenesulfonate,

rhodamine, saffron to detect

Radioactive *H,”S,”Br,"'l

tracers ‘ ence ability, easy to detect
Reaction Esters, amides, carba-  The heat exchange area and tempera-
tracer mates ture drop rate can be determined

Economical and relatively non-toxic,
low value in thermal reservoir, easy

High sensitivity, strong anti-interfer-

adsorption, and the reaction occurs at high
temperature.

Sensitive to pH, salinity and high chloride
concentration, photochemical and chemi-
cal decay, susceptible to sediment adsorp-
tion, decomposition at high temperatures
and loss of fluorescence properties.

The test requirements are high and easy to
pollute the environment.

Data analysis requires experimental correc-
tion factors, which increases the work-
load.

Smart tracer Nanoparticles, quantum Economical, environmentally friendly, —
dots stable, easy to detect, designed as a
conservative or reaction tracer as

needed
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shape or physical property parameters of the analy-
sis domain, their applicability limited to simple
thermal reservoir structures with well-defined
problems. In contrast, geothermal utilization invol-
ves the complex interactions among various physi-
cal fields and dynamic changes in physical prop-
erty parameters, posing challenges for analysis
solely through analytical methods. To address
these limitations, numerical simulation methods
have gained prominence in geothermal develop-
ment. These methods allow for modeling reser-
voirs based on their physical and chemical states,
compensating for the high costs associated with
drilling in laboratory experiments and field tests.
Furthermore, numerical simulation method effec-
tively addresses the complexity of multi-parameter
and multi-physical field interactions, which cannot
be adequately handled by analytical methods.
Currently, numerical simulation accurately descri-
bes the heterogeneity of thermal reservoir and the
evolution of multi-field coupling reinjection
processes, making it the primary approach for eval-
uating thermal reservoir performance, optimizing
production and injection schemes, and predicting
thermal breakthroughs in geothermal engineering
(O'Sullivan et al. 2001; Luo, 2018; Yu et al. 2023).

Table 3 presents several commonly used multi-
field coupled simulation programs and their func-
tionalities in geothermal reinjection research (Luo,
2018; Liu et al. 2019a; Zhao et al. 2022). These
software programs offer a wide range of reservoir
modeling capabilities and finite element multi-field
coupling analysis, equipped with extensive mate-
rial databases and predefined fracture element
modules. They have been widely utilized in
research studies.

The application of numerical simulation method
is based on the establishment of thermal reservoir
model. Tailored to different types of thermal reser-
voirs such as pore type, karst-type and fissure-type
reservoirs, ensuring alignment with actual pore
structure. At present, the multi-field coupling
models for thermal storage mainly include equiva-
lent continuum model, dual or multiple media
model, discrete fracture network model, random

continuum model and mixed mode (Chen et al.
2014; Liu and Liu, 2014).

(1) Equivalent continuum model: Based on
continuum theory, the equivalent continuum model
assumes that complex geological formations
behave as continuous media, averaging water flow
within fractures across the entire thermal reservoir.
Widely used, this model suggests stable permeabil-
ity when the thermal reservoir range is larger than
a certain scale, often represented by equivalent
permeability. However, it is important to acknowl-
edge that the pore volume of bedrock is signifi-
cantly larger than the fissure, and therefore, the
water storage capacity should not be ignored. In
general, the equivalent continuum model is suit-
able in case of high fracture density (Wang et al.
1995). This model uses the mass conservation
equation to describe the thermal reservoir seepage
process (Wang et al. 2020b):

0
B_I (orp)+V - (Pf”f) = On (D

Where: ¢ is time (s), p, is the fluid density
(kg/m’), Q,, is the fluid mass source (kg/(m’s)),
Darcy velocity field, u, is:

K
Uup = —;fo +ps8Vz @

Where: p is hydrodynamic viscosity (Pa-s), K, is
permeability (m®), and p, is fluid pressure (Pa), g
is the acceleration of gravity (m/s’) and z is the
vertical coordinate (m).

The mathematical description of heat transfer
process in thermal reservoir is usually based on the
convection diffusion equation, which averages
thermodynamic properties by volume to incorpo-
rate solid matrix and pore fluids (Cui et al. 2018b):

oT
(pCp)effE +0iCpstty VT =V - (kegVT) = q; (3)

Where: C,, is the specific heat capacity of the
fluid under constant pressure (J/kg/K), T is the
temperature (K), g, is the heat source (W/m), and
(pCp).; 1s the equivalent volumetric heat capacity
of the reservoir rock mass (Pandey et al. 2018):

(pcp)eff =(1=-¢9)p,C,s+9p,C, )

Table 3 Common numerical simulation software and functions

Software name Algorithm Multi-field coupling capability

COMSOL Finite elements THMC

OPENGEOSYS Finite elements THMC

FLUENT Limited volume THM

TOUGH-FLAC Finite difference THM

FRACMAN Finite elements THM
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Where: k,; is the effective thermal conductivity
of reservoir rock mass (W/m/K), calculated as the
weighted average value of reservoir rock mass
thermal conductivity %, and fluid thermal conduc-
tivity k;(Liu et al. 2019a);

kys = (1 =@k, + @ ky (5)

(2) Dual media or multiple media models: Dual
or multiple media models are often used to solve
the fluid-thermal coupling problem in fractured or
porous media. These models treat the model
domain as two overlapping media: Fractured media
conducting water and matrix rock storing water,
taking into account the energy exchange between
them. However, the assumption of regular crack
distribution and quasi-static assumption of dual
media models cannot reflect the reality (Zhang,
2017). When the phenomenon of water storage is
considered in such models, the following relation-
ship is expressed:
ap
ar (6)

According to the elastic theory of porous media,
the water storage coefficient Sr can be represented
by porosity ¢, Biot coefficient aj, fluid bulk
modulus K, and mass bulk modulus K.

d
Y (o07) =psS,

14 1 —ay
S =2 f(ay—
Kk a9 =

The equation for thermal reservoir seepage flow

in the synchronous equations (1), (2), (6), and (7)
1s;

(M

0

(3) Discrete fracture network model: With the
development of computing technology, the discrete
fracture network model is widely used to simulate
the multi-field coupling effect of fractured rock
mass. This model can depict the local behavior of a
single fracture and the macro behavior of a com-
plex fracture network more realistically compared
to the equivalent continuum model. It also over-
comes the challenge faced by the equivalent
continuum model in determining the size and
equivalent parameters of the representative unit.
However, due to the complexity of fracture geome-
try, and physical and mechanical parameters, the
calculation workload is substantial (Wolfsberg,
1997). The tangential formula of Darcy's law is
used in the governing equation of the model to
demonstrate seepage and heat transfer in the frac-
ture unit (Al-Khoury et al. 2005; Al Khoury and
Bonnier, 2006).

0 K,
pfSr—l;+V'pf(—;Vp) = 0On (®)

http://gwse.iheg.org.cn
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Ky
qsr =bpuy = _berVTp (10)

Where: ¢, is the fracture porosity; V; is the
gradient operator confined to the slit plane; g, is
the volume flow rate per unit length in the fracture
(m’/s). k;, is the fracture permeability (m’); u,, is
Darcy velocity in the fracture (m/s)

The heat transfer equation for the fractures can
be expressed as follows:

oT
by (pC).ysys ot bypsCpputy-ViT—
Vi (bykessV:iT) = by qy (11)

by -q; considers the flow and heat transfer
between fractures and rocks:

oT
b -qr = (Mrzpfc sl — keffg ) -
2=—by, /2

(”rzp./'cp,fT - kt’.//'a_T) (12)
0z 2=by, /2

(4) Stochastic continuous model: This model is
utilized to determine the permeability distribution
of fractured rock mass by determining permeabil-
ity ranges and grades based on field tests and other
methods. The application of stochastic continuous
model is more direct and convenient, with broad
application prospects (Neuman and Depner, 1988).

(5) Hybrid model: This model combines charac-
teristics from various models. For instance, the
discrete fracture model is combined with the
random continuous model to obtain the equivalent
permeability of the model. This is achieved by
randomly generating a discrete fracture network
within the model (Jackson et al. 2000; Botros et al.
2008). Another example is the combination of
discrete fracture model with equivalent continuum
model, where different models are used to address
fractures of different scales (Wang et al. 1995).
Moreover, the discrete fracture network can be
fused with dual medium model, treating the frac-
ture as a single medium. In this case, parameters
such as porosity and permeability are assigned, and
seepage and energy exchange between the bedrock
and fracture are taken into consideration (Sun et al.
2016).

4 Current research issues

As geothermal development expands in breadth
and depth of, deep thermal reservoirs are often
characterized by high temperature, large stress,
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strong heterogeneity, and complex pore geometry.
These characteristics pose new challenges for
understanding the heat transfer process of rock
seepage and the evolution of thermal reservoir
temperature field under the conditions of injection
and production. Over the years, reinjection engi-
neering has accumulated valuable experience.

(1) Imperfect theory of convective heat transfer
coefficient for large-scale and complex fracture
morphologies

Convective heat transfer coefficient is crucial for
evaluating the heat transfer characteristics of rock
fracture seepage. While numerous experimental
studies have been conducted on seepage and heat
transfer in rocks with single fissures, conducting
experiments on large rock samples and complex
multi-fissure samples remain challenging due to
the complexity of cracks in thermal reservoir and
limitation in experimental equipment sample size.
Therefore, there is a lack of convective heat trans-
fer coefficient theory applicable to large size and
complex fracture morphology, hindering the analy-
sis of temperature evolution in the heat transfer
process of rock fractures.

(2) Limited accuracy of single tracer test

In terms of tracer tests conducted at geothermal
fields, conservative tracers are mostly used, and
the tracers are relatively singular. This limits the
ability to qualitatively assess the connectivity of
thermal reservoir, leading to multiple interpreta-
tions of preferential channels in thermal reservoir.
Additionally, using reactive tracers for quantita-
tive evaluation of heat transfer surface area and
temperature drop rate in thermal reservoir intro-
duces uncertainties. As a result, the accuracy of
thermal reservoir information is compromised,
making it difficult to analyze the temperature drop
rate and predict the thermal breakthrough time
during the evolution of the temperature field in
thermal reservoir.

(3) Limited computational power of heteroge-
neous thermal reservoir model under group injec-
tion

When establishing thermal reservoir models
under reinjection conditions using numerical simu-
lation, it is common to employ double well model
to analyze the evolution process of the thermal
reservoir temperature field. However, as geother-
mal fields adopt large-scale exploitation mode
involving multiple wells or groups of wells, there
is growing need to establish larger reservoir
geothermal models that incorporate multi-fracture
considerations. The computational resources of
numerical simulation software are often inade-
quate to efficiently handle the extensive scale and
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numerous parameters involved in multi-well or
group well models, leading to lengthy calculation
times and compromised accuracy.

5 Summary and prospect

This study provides a comprehensive review of the
evolution of temperature field in thermal reser-
voirs with low-temperature tailwater reinjection. It
highlights the consistent trend and difference in
temperature field evolution in different heteroge-
neous thermal reservoirs. The general trend of
temperature field evolution across different hetero-
geneous thermal reservoirs is consistent. However,
significant differences arise due to variations in
pore structure, physicochemical properties and
reinjection parameters such as reinjection pressure
and temperature. These differences manifest in the
morphology, migration velocity and temperature
drop of the cold front, particularly in porous sand-
stone and fractured carbonate or granite hot reser-
voirs, emphasizing the influence of heterogeneity
on temperature field evolution.

Geothermal reinjection engineering requires
careful selection of reinjection well layout, reinjec-
tion pressure and temperature based on specific
geological conditions and heat storage properties to
develop geothermal resources scientifically, effi-
ciently and sustainably. In order to deepen the
understanding of temperature field evolution in
deep heat storage and improve the sustainable
development capability of deep geothermal resou-
rces, the following future research directions are
proposed:

(1) Scaling up experimental research: Conduct
larger-scale experiments of rock seepage heat
transfer to improve the calculation method of
convective heat transfer coefficient in large-scale
and complex fracture morphologies. This will
enable accurately evaluation of the seepage heat
transfer characteristics of heat storage and provide
a solid foundation for studying temperature field
evolution.

(2) On-Site observation of heat transfer:
Observe the actual heat transfer area and tempera-
ture drop of thermal reservoir on-site by combin-
ing a variety of tracers. Comprehensive analysis of
tracer test results will deepen the understanding of
the evolutionary mechanism of heat storage
temperature field in injection-production system.

(3) Complex fracture and group well modeling:
Establish complex fracture and group well models
covering the scale of geothermal fields to study the
distribution characteristics of thermal reservoir
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temperature field under group well reinjection
conditions and their influence on the evolution
process of temperature fields. Optimize the model
calculation method to adapt to large-scale fracture
model solving and improve computational effi-
ciency and processing power.

(4) Integration of artificial intelligence: With the
development of artificial intelligence technology
and the accumulation of geothermal reinjection
research data, leverage methods such as deep
learning to improve research efficiency and
uncover deeper temperature field evolution laws in
future development of the geothermal energy field.
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