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Abstract: A typical high-temperature metamorphic rock geothermal reservoir was newly discovered in the
Tianzhen  geothermal  field  in  Datong  City,  China.  However,  due  to  the  complex  geological  structure  and
thermal  properties,  the  seepage  heat  transfer  mechanism  of  metamorphic  rock  reservoirs  is  still  unclear,
seriously impeding the efficient development and sustainable utilization of geothermal resources. This study
established a percolation-heat transfer model through tracer testing and numerical simulation to reveal the
percolation mode and heat transfer mechanism of high-temperature metamorphic rock reservoirs during the
reinjection  process.  We  also  predicted  the  distribution  characteristics  of  various  physical  fields  in  the
geothermal reservoir after the geothermal system has been in operation for 100 a, analyzed the influence of
different reinjection  schemes  on  seepage  heat  transfer  in  the  geothermal  reservoir,  and  proposed  an  opti-
mization strategy for the reinjection scheme. The results show that: (1) The connectivity between produc-
tion and injection wells is poor, and there are water-conducting fractures connecting the shallow and bottom
layers;  (2)  The seepage channels  through fractures  guide  the  migration of  the  reinjected fluid  and form a
cold  front  surface  with  a  protruding  shape  towards  the  mining  well  in  the  temperature  field,  resulting  in
temperature  changes  in  the  production  well;  (3)  Seepage  heat  transfer  in  thermal  reservoirs  is  greatly
affected by the reinjection flow rate and the distance between production and reinjection wells, but less by
the reinjection temperature. As the reinjection temperature drops, the flow rate increases, the well spacing
decreases,  and  the  temperature  variation  range  of  the  production  well  becomes  greater;  (4)  Under  the
current reinjection test conditions, the temperature of the mining well decreased by approximately 4°C after
100 a of geothermal reinjection operation, and a thermal breakthrough occurred at 78 a. Under the condi-
tion of maintaining a reinjection flow rate of 60 m3/h and a reinjection temperature of 80°C unchanged, the
well  spacing  should  be  no  less  than  470  m to  ensure  that  the  well  temperature  does  not  cause  a  thermal
breakthrough during the reinjection operation for 100 a. This research provides a theoretical basis and opti-
mization methods for the efficient development of high-temperature metamorphic rock thermal reservoirs.
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 Introduction

Against  the backdrop of  the continuous growth of
energy demand, geothermal resources, as a sustain-
able and clean energy source, have broad prospects
for development and utilization (Stefansson, 1997;
Allen  and  Milenic, 2003).  Geothermal  reinjection
is  an  important  way  to  achieve  efficient  and

 
 
*Corresponding  author:  Yan-guang  Liu,  Xin  Wang, E-mail
address: gaoyuanzhixing@163.com, wangxin112914@163.com
DOI: 10.26599/JGSE.2026.9280085
Wei  MH,  Liu  YG,  Wang  X,  et  al.  2026. Mechanism  of  seepage
heat transfer  in  thermal  reservoirs  of  high  temperature  metamor-
phic  rocks in  the Yanggao-Tianzhen basin. Journal  of  Groundwa-
ter Science and Engineering, 14(3): 323-341.

2305-7068/©  2026  Journal  of  Groundwater  Science  and  Engineering  Editorial
Office　This  is  an  open  access  article  under  the  CC BY-NC-ND license  (http://
creativecommons.org/licenses/by-nc-nd/4.0)
 

Journal of Groundwater Science and Engineering    14(2026) 323−341

 323

http://gwse.iheg.org.cn
mailto:gaoyuanzhixing@163.com
mailto:wangxin112914@163.com
https://doi.org/10.26599/JGSE.2026.9280085
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0


sustainable  development  of  geothermal  energy.
However,  long-term  geothermal  reinjection  is
prone  to  cause  the  temperature  of  the  extraction
well to  drop  and  even  trigger  thermal  break-
through,  seriously  affecting  the  heat  extraction
efficiency  of  the  geothermal  system  (Cao  et  al.,
2021). For  the  efficient  development  and  sustain-
able utilization of geothermal resources, it is neces-
sary  to  accurately  grasp  the  seepage  heat  transfer
mechanism of thermal reservoirs (Liu, 2003; Wang
et  al., 2020a; Kamila  et  al., 2021;  Diaz  et  al.,
2016).

Located  in  the  northeastern  part  of  Shanxi
Province,  the  Datong  Basin  exhibits  substantial
geothermal resources with a spatially concentrated
distribution.  Notably,  the  Yanggao-Tianzhen  area
displays the  most  pronounced  geothermal  anoma-
lies,  primarily  associated  with  metamorphic  rock
thermal  reservoirs.  Initial  geothermal  exploration
efforts  in the 1990s,  concentrated in areas such as
Maquanxiang (Tianzhen County) and Gushanmiao
(Yanggao  County)  (Pan  et  al.,  2023),  led  to  a
preliminary delineation of geothermal field bound-
aries. Subsequent  investigations  over  the  follow-
ing  decades  resulted  in  the  discovery  of  a  high-
temperature, high-pressure geothermal well in both
Yanggao  and  Tianzhen  counties.  The  DR1
geothermal well  in Tianzhen, exhibiting an orifice
temperature of 160.2°C and a single-well flow rate
of 230 m3/h, represents the highest temperature and
largest  self-flowing geothermal well  discovered to
date in central and eastern China (He et al., 2023).
Furthermore,  the  Paleozoic  metamorphic  rock
geothermal  reservoir  underlying  the  Yanggao-
Tianzhen  Basin  is  characterized  by  high  thermal
conductivity and temperature, coupled with a rela-
tively shallow  burial  depth,  facilitating  the  poten-
tial  for  large-scale  development  of  high-tempera-
ture  hydrothermal  geothermal  resources.  Despite
the considerable success in geothermal exploration
within  the  Yanggao-Tianzhen  area,  the  immature
state of  reinjection  technology  for  fractured  meta-
morphic  rock  reservoirs,  compounded  by  an
incomplete  understanding  of  seepage  and  heat
transfer  mechanisms,  has  hindered  the  scientific,
efficient,  sustainable,  and large-scale  development
and utilization of these geothermal resources.

The  fluid  seepage  path  within  a  geothermal
reservoir  exerts  a  direct  influence  on  the  seepage
heat transfer  process,  leading  to  varied  tempera-
ture  field  evolution  (Zhou  et  al.,  2022; Du  et  al.,
2019; Tang and Qiu, 2023; Wang et al., 2021; Fan
et al., 2023). The inherent heterogeneity of geolog-
ical features, coupled with complex pore and frac-
ture  networks,  renders  the  seepage  heat  transfer

mechanism of geothermal reservoirs under produc-
tion and  injection  scenarios  intricate  and  multi-
faceted,  remaining  a  key  area  of  investigation  in
geothermal  research.  Researchers  have  employed
laboratory  experiments,  field  reinjection  tracer
tests,  and  numerical  simulations  to  investigate
geothermal  reservoir  seepage  heat  transfer  under
reinjection  conditions.  Laboratory  simulations,
utilizing  scaled-down  geothermal  reinjection
systems,  have  been  used  to  examine  the  seepage
heat transfer processes within reservoir rocks under
varying injection  parameters,  aiming  to  character-
ize the percolation heat transfer properties of small-
scale  thermal  reservoirs  (Ma  et  al.,  2019b; Ma  et
al.,  2019a; He  et  al.,  2016; Zhang  et  al.,  2021).
These studies  have  identified  rock  fracture  struc-
ture,  reinjection  conditions,  and  rock  temperature
as  key  influencing  factors  in  the  seepage  heat
transfer process (Huang et  al.,  2019; Huang et  al.,
2021). Given  that  geothermal  reservoirs  are  typi-
cally located hundreds or even thousands of meters
below  the  surface,  direct  observation  of  fluid
migration pathways  is  not  feasible.  Field  reinjec-
tion tests, incorporating tracer technology, provide
an  important  means  to  study  the  seepage  heat
transfer mechanism of thermal reservoirs and opti-
mize exploitation  strategies.  By  introducing  trac-
ers  and monitoring their  response,  researchers  can
infer  the  seepage  heat  transfer  mechanism  in
response  to  different  reinjection  methodologies
(Ren  et  al.,  2023).  Tracer  concentration  response
curves, obtained  by  injecting  tracers  into  geother-
mal  wells,  allow  for  the  tracking  of  fluid  flow
paths  within  the  reservoir  and  assessment  of
connectivity  between  production  and  reinjection
wells  (Wang  et  al.,  2014; Radilla  et  al.,  2012;
Aquilina  et  al.,  2004; Wang  et  al.,  2013; Qiao  et
al.,  2023; Li  et  al.,  2020; Liu et  al.,  2019b; Liu et
al.,  2022). Advances  in  tracer  technology,  includ-
ing  the  development  of  novel  geothermal  tracers
(Bottacin-Busolin et al., 2021), improved monitor-
ing techniques, and sophisticated data analysis and
interpretation, provide increasingly valuable infor-
mation  for  elucidating  the  seepage  heat  transfer
mechanisms of geothermal reservoirs, such as heat
exchange  area  and  temperature  variation  (Julius-
son  and  Horne,  2013; Hawkins  et  al.,  2017).  The
temperature and flow data derived from laboratory
simulations  and  field  tests  constitute  an  essential
foundation for investigating the seepage heat trans-
fer  mechanism  within  geothermal  reservoirs  and
optimizing on-site reinjection parameters.

The  wide  application  of  numerical  simulation
has become an important means to study the seep-
age heat  transfer  mechanism of  thermal  reservoirs
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(O'Sullivan  et  al.,  2001;  Luo,  2018; Yu  et  al.,
2023).  By  taking  into  account  parameters  such  as
the  permeability  of  the  formation,  porosity,  and
thermal  conductivity  of  the  rock  to  establish  a
mathematical  model  of  the  heat  reservoir,
researchers can  simulate  the  seepage  characteris-
tics,  temperature  distribution,  and  evolution
process of  the  heat  reservoir  under  different  rein-
jection  conditions.  These  simulation  results
provide important references for understanding the
seepage heat transfer mechanism of thermal reser-
voirs. They also provide a scientific basis for opti-
mizing  the  geothermal  exploitation  plan  (Wang et
al., 2021; Liu et al., 2020; Yao et al., 2022; Zheng
et al.,  2022; Liu et  al.,  2019a). Therefore,  regulat-
ing the reinjection mode and optimizing the layout
of  geothermal  wells  through  the  seepage  heat
transfer  mechanism  of  the  thermal  reservoir  can
achieve  the  purpose  of  prolonging  the  service  life
of  geothermal  Wells  and improving the  extraction
efficiency  and  economy  of  geothermal  energy
(Wang and Lu, 2023; Kuo et al., 2018).

This  study  focused  on  the  high-temperature
metamorphic  rock  geothermal  reservoir  in  the
Tianzhen  Geothermal  Field,  Datong  City,  China.
We conducted  reinjection  tracer  tests  and  devel-
oped  a  wellbore-reservoir  coupled  seepage-heat
transfer  model  utilizing  COMSOL  software.  By
integrating  the  tracer  test  results  with  numerical
simulation, we elucidated the seepage behavior and
heat  transfer  mechanisms  within  the  metamorphic
rock  geothermal  reservoir  during  reinjection.  In
addition, we predicted the distribution characteris-
tics  of  various  physical  fields  of  the  geothermal
reservoir  during  the  100  a  reinjection  cycle,  and
studied  the  influence  of  different  reinjection
parameters  such  as  reinjection  temperature,  flow
velocity, and well spacing on the temperature field
of  the  thermal  reservoir.  Based  on  these  analyses,
we  proposed  an  optimized  geothermal  reinjection
strategy  and  assessed  the  inherent  uncertainties  in
the research. Ultimately, this work aims to provide
a robust theoretical foundation and valuable techni-
cal  support  for  the  efficient  exploitation  and
sustainable management of geothermal resources.

 1  Regional geological overview

 1.1 Regional structure

The geothermal field for this experiment is located
in the northern part of Shuitongsi Village, Guqian-
bao Town, Tianzhen County, Datong City, Shanxi
Province, China, situated in the Yanggao-Tianzhen
Basin in the northeastern part of the Datong Basin

(Fig.  1).  Geologically,  this  area  belongs  to  the
Yanggao-Tianzhen  block  of  the  active  belt  on  the
northern margin  of  the  North  China  Plate,  gener-
ally extending in a NEE direction (Shi et al., 2015).
The  Datong  Basin,  situated  at  the  junction  of  the
central  and  western  parts  of  the  North  China
Craton,  is  a  Cenozoic  faulted  basin  in  the  central
North China Block. Since the Late Mesozoic, it has
experienced multiple tectonic events and sustained
intense extensional  activities,  resulting  in  local-
ized lithospheric modification and thinning. Conse-
quently,  a  series  of  step-like  extensional  normal
faults  have  formed,  creating  grabens  and  half-
grabens  (Li  et  al.,  2012;  Shi  et  al.,  2015).  These
grabens and basin-margin controlling faults collec-
tively  form  a  NE-SW  trending  half-graben  basin.
The  basin's  formation  is  primarily  controlled  by
boundary  faults,  with  internal  tectonic  activities
being  mainly  inherited  faults,  followed  by  folds,
with  a  predominant  NE  tectonic  direction.  The
main  boundary  faults  are  illustrated  in Fig.  1b:
Kouquanshan Fault  (F1)  trends  NNE,  while  Liul-
ingshan Fault (F2), Hengshan Fault (F3), Yunmen-
shan  Fault  (F4),  Xionger  Mountain  north  margin
Fault  (F5),  Xionger  Mountain  south  margin  Fault
(F6), and Xiaowutai Mountain Fault (F7) all trend
NEE.  Additionally,  there  are  concealed  faults  in
the area (Cen et al., 2015).

 1.2 Geothermal geological conditions

The  study  area  is  divided  into  two  main  thermal
reservoir series from top to bottom: The Cenozoic
loose  rock  thermal  reservoir  and  the  Neoarchean
metamorphic  rock  thermal  reservoir.  The  upper
thermal  reservoir  is  covered  by  Neogene  and
Quaternary strata,  primarily  formed  by  the  accu-
mulation  of  alluvial  sediments  since  the  Cenozoic
era.  The  lithology  consists  mainly  of  gravel  sand,
sand, and silt, with a dark yellow color and a thick-
ness  of  about  100–300  m.  Below  it  lies  the
Neoarchean  Jining  Group  metamorphic  thermal
reservoir,  characterized  by  biotite  plagioclase
gneiss,  amphibolite,  and  monzonitic  gneiss.  The
overall  temperature  distribution  of  the  thermal
reservoirs  in  the  study  area  ranges  from 167°C to
181°C,  and  the  hydrochemical  type  is  Cl·SO4-Na
type.

The  geothermal  heat  source  in  the  study  area
primarily  originates  from  two  aspects.  Firstly,  the
Datong Basin corresponds to the destruction of the
craton  in  western  North  China,  resulting  in
asthenospheric upsurge and mantle thermal erosion
(Liu et al.,  2004). Mantle activity transfers heat to
the  crust.  Under  the  action  of  plate  compression,
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the crust is thickened and decompressed, leading to
the dehydration of  molten crust  and the formation
of  partial  melt,  which  continuously  supplies  heat
through  conduction  (Zhu  et  al.,  2012).  Secondly,
the  Datong  Basin  is  situated  at  the  boundary  of
block  activity  and  is  a  region  of  continental  crust
spreading and cracking. As the crust thinned, shal-
low-buried  magma was  ejected  to  the  surface  due
to  neotectonic  movements,  forming  the  Datong
volcanic group. The magma that did not reach the
surface migrated along crustal fissures towards the
NE direction of the basin. Under tectonic stress, an
upward  semi-molten magma  sac  is  formed,  trans-
ferring heat  to  the  shallow surface  along  the  frac-
tures. The shallow surface geothermal heat is trans-
ferred in  the  form  of  convection  under  the  atmo-
spheric  precipitation  supply,  which  provides  a
stable heat source for the formation of geothermal
resources in the study area (Zhou et al., 2020).

 1.3 Distribution  of  geothermal  Wells  in
the study area

The  test  site  contains  four  deep-hole  geothermal
wells:  GR1  (Depth  1,624.01  m),  DR1  (Depth

1,759.21  m),  DR2  (Depth  3,112.72  m),  and  HG1
(Depth  3,007.25  m),  along  with  five  shallow
temperature-measuring  wells:  K4  (Depth  306.77
m),  K6(Depth  321.29  m),  K11 (Depth  329.01  m),
K13  (Depth  314.87  m),  and  K18  (Depth  151.34
m). Their locations are shown in Fig. 2. Well DR1
is  situated  approximately  69°  west  of  well  GR1,
with a distance of 440 m between them. Well DR2
is  positioned  about  20°  west  of  well  GR1,  at  a
distance of 1,042 m. Well HG1 is located approxi-
mately  71°  east-northeast  of  well  GR1,  with  a
spacing of 1,290 m.

The  reinjection  test  adopts  same-layer reinjec-
tion. GR1 is a production well,  with the bare well
section  ranging  from  1,502.82  m  to  1,624.01  m.
The main lithology of the thermal reservoir around
the well is the Neoarchean Heiyun II gneiss, inter-
spersed  with  Feili  porphyry  dykes.  The  highest
temperature  in  the  production  well  was  167.94°C
(Fig. 3). DR1, as a reinjection well, has a bare well
section  ranging  from  1,188.29  m  to  1,759.21  m.
The main lithology of the thermal reservoir around
the  well  is  the  Neoarchean  Black  Cloud  diorite
gneiss,  interspersed  with  plagioclangle  rocks  and
diorite granites, etc. The highest temperature in the
reinjection well is 169.0°C.
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Fig. 1 (a) Location of  the North China Craton,  with a  red box indicating the Datong Basin;  (b)  Tectonic back-
ground of the Datong Basin (blue box indicating the study area) (Kusky and Li, 2003; Zhou et al., 2020)
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 2  Field tracer test method

 2.1 Tracer selection

After  thoroughly  investigating  the  physical  and
chemical properties  of  the  tracer  and  its  back-
ground  value  in  the  study  area,  sodium  1,5-naph-
thalene  sulfonate  was  chosen  as  the  test  tracer.
Rose  et  al.  (2001)  indicates  that  naphthalene
sulfonate possesses thermal stability below 330°C,
is  cost-effective,  non-toxic,  environmentally
benign,  and  easily  detectable  by  High-Perfor-
mance Liquid Chromatography (HPLC) and ultra-
violet absorbance, with an excellent detection limit
of  less  than  0.1  ppb,  making  it  a  suitable  high-

temperature  geothermal  tracer  (Rose  et  al.,  2001).
Naphthalene  sulfonates  have  been  employed  in
most  geothermal  fields  worldwide  (Rose  et  al.,
2012).  Before  the  tracer  test,  a  tracer  adsorption
experiment  was  conducted.  The  prepared  1,  5-
naphthalene sulfonate  standard  solution  and meta-
morphic  rock debris  collected from the study area
were  tested  using  a  high  temperature  and  high-
pressure  reactor,  and  detection  was  performed
using  a  high-performance  liquid  chromatography
system. The results demonstrated that 1,5-naphtha-
lene sulfonate  exhibited good water  solubility  and
did  not  adsorb  onto  the  rocks  in  the  study  area  at
high  temperatures,  meeting  the  requirements  for
tracer selection.

 2.2 Tracer  dispensing  and  sampling
detection

Prior  to  releasing  the  tracer,  the  amount  of  tracer
was  estimated,  and  the  background  levels  of  the
tracer  in  the  production  well  GR1,  the  reinjection
well  DR1,  and  the  surrounding  observation  wells
were  investigated.  According  to  the  NB/T10703-
2021  technical  regulations  for  thermal  reservoir
tracer test,  tracer  release  amounts  can  be  calcu-
lated according to Equation (1):

G = πR2HαβCp (1)

Where: R is distance between injection well and
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Fig. 2 Distribution of well locations in the study area
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Fig. 3 Temperature measurement curve of well GR1

Journal of Groundwater Science and Engineering    14(2026) 323−341

http://gwse.iheg.org.cn 327

http://www.gwse.iheg.org.cn


production  well  (m),  440; H is  thickness  of  the
thermal reservoir, based on the length of the water
intake  section  of  the  geothermal  well  (m).  This
time, the length of the bare well section of produc-
tion well  GR1 is  taken as  120; α is  the dispersion
constant  factor,  generally  0.0153; β is the  domi-
nant flow  concentration  field  correction  coeffi-
cient,  generally 0.1; Cp is the peak tracer  concen-
tration (kg/m3); G is the tracer dose.

The  peak  concentration  of  the  tracer  is  two
orders  of  magnitude  higher  than  the  background
value  in  the  local  natural  groundwater.  According
to Equation (1), the dosage is calculated to be 370
kg.  To  ensure  that  the  tracer  can  be  effectively
detected in the test, 1.5 times the designed value is
taken  as  the  injection  amount  for  the  geothermal
well, that is, 550 kg.

The  reinjection  trial  commenced  on  July  20,
2023.  During  the  test,  the  reinjection  rate  of  well
DR1 was 60 m3/h,  and the production rate of well
GR1  was  also  60  m3/h,  resulting  in  production-
reinjection ratio  of  100%.  At  the beginning of  the
test,  the  reinjection  pressure  was  0.645  MPa,  and
during  the  test,  the  reinjection  pressure  remained
stable  at  0.664–0.686  MPa.  After  two  weeks  of
operation  of  the  geothermal  reinjection  system,
tracer (sodium naphthalene sulfonate) was injected
into  the  reinjection  well  DR1  on  August  4,  2023.
Following the tracer reinjection, water samples are
collected  from  production  wells  using  multistage
sampling. Initially, water samples were taken every
half  hour  for  the  first  month,  then  the  frequency
was  gradually  reduced  to  every  2  hours,  every  4
hours, every 8 hours, every 10 hours, and every 12
hours  over  two  weeks.  After  86  d,  the  sampling
interval  was  further  reduced  to  once  every  20  d.
The final reinjection tracer test lasted for a total of
160  d.  Additionally,  samples  from  observation
wells around the test site were collected every 10 d.

The  tracer  detection  of  water  samples  collected
in the experiment was completed by the laboratory
of Geothermal and Dry Hot Rock Exploration and
Development Technology Innovation Center of the
Ministry  of  Natural  Resources,  and  the  detection
was  carried  out  by  Agilent  high- performance
liquid chromatography. The system has high sensi-
tivity, is  not  easily  polluted,  and  has  the  advan-
tages of low cost and simple operation. The detec-
tion  limit  of  sodium  naphthalene  sulfonate  is
1.0×10−9 mol/L.

 2.3 Tracer transport theory

In  the  equivalent  seepage  channel  model  of  deep

thermal  reservoirs,  it  is  assumed  that  there  are
several favorable  seepage  channels  (such  as  frac-
ture  zones)  between  the  reinjection  well  and  the
production well. These channels dominate the flow
process of the reinjection water migrating from the
reinjection well  to  the  production  well  and  main-
tain a stable flow rate (Zhao et al., 2021). The flow
in this process can be approximately equivalent to
Darcy  flow.  Suppose  the  geometry  of  the  channel
is  rectangular,  with  a  length  much  larger  than  the
opening and height (Fig. 4).
 
 

qin qout

q q 

b h

x

 

Fig. 4 Schematic  diagram  of  the  seepage  channel
model of a deep thermal reservoir (Li et al., 2020)
 

The  migration  of  tracers  is  mainly  achieved
through  convection  and  hydrodynamic  diffusion,
and is independent of the adsorption effect of heat
sources.  Ignoring  the  molecular  diffusion  effect
and  combining  it  with  the  law  of  conservation  of
tracer mass, the expression of tracer mass concen-
tration in production wells can be expressed as:

c(t) =
ρwMµ

2Q
√
πDt

e

Ä
−

(x−µt)2

4Dt

ä
(2)

ρw

Where: c(t)  is  the  tracer  concentration  of  the
reinjection water  at  the crack outlet  (kg/m3);  is
the  density  of  reinjection  water  (kg/m3); M is  the
tracer dose (kg) flowing into the seepage channel;
μ is the movement velocity of reinjection water in
the fissure (m/s); Q is the production rate (kg/s); D
is the dispersion coefficient (m2/s); t is time (s); x is
the  length  (m)  of  the  fissure  channel  between  the
reinjection well and the production well.

If there are n flow channels between the reinjec-
tion  well  and  the  production  well,  the  tracer
concentration expression in the production well is

c(t) =
n∑

i=1

ci (t) (3)

ci (t) =
ρwMiµi

2Q
√
πDit

e

Ä
−

(x−µt)2

4Dt

ä
(4)

µi =
qi

ρAiφi
(5)
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qi =
Mi

M
qin (6)

Di = αLiµi (7)

ρw

Di

µi

qi

Ai

φ

αLi

In Equations (3)-(7), c(t) is the tracer concentra-
tion in the production well (kg/m3); n is the number
of  dominant  fracture  channels;  is  the  water
density  (kg/m3); mi is  the  mass  (kg)  of  the  tracer
flowing  through  the i fracture  channel. xi is  the
length  of  the i fracture  channel  (m); Q is  the
extraction  rate  (kg/s); t is  the  time  (s);  is  the
longitudinal  dispersion  coefficient  (m2/s)  in  the i
fissure channel;  is the flow velocity in the i frac-
ture channel (m/s);  is the reinjection rate in the i
fracture  channel  (kg/s);  is  the  cross-sectional
area of the i fracture channel (m2);  is the poros-
ity  (%);  is  the  longitudinal  dispersion  (m)  in
the i fissure  channel; M is  the  mass  of  the  tracer
input (kg); qin is the reinjection rate (kg/s).

Mi/MIn Equation (6),  is often referred to as the
tracer  recovery rate.  In  theory,  the  tracer  recovery
should  be  100% when  there  is  no  environmental
flow and the tracer does not interact with the ther-
mal reservoir.  In fact,  the diffusion and dispersion
of  tracers  in  the  thermal  reservoir  matrix  are  two
major  factors  that  lead  to  reduced  recovery  rates
(Sanford et al., 2006). Instantaneous moment anal-
ysis  was  used  to  evaluate  the  tracer  recovery  to
verify the characteristics of the tracer in the experi-
ment (Rose et al., 2004). The tracer recovery mass
Mi is calculated by the following formula.

Mi = QP

tw
0

C (t)dt (8)

Where: Qp is the pumping rate (kg/s), C(t) is the
tracer concentration (kg/m3) and t is the time (s).

According to Equation (2), C(t) can be detected
by tracer tests, while there are many unknowns on
the  right  side  of  the  equation,  such  as  the  cross-
sectional  area  of  the  channel  and  the  longitudinal
dispersion  cannot  be  directly  measured.  In  this
paper,  ICEBOX  program  was  used  to  invert  the
tracer  test  results  to  evaluate  the  tracer  recovery
and  temperature  change  in  the  seepage  channel
(Axelsson et al., 2005).

 3  Numerical simulation method

Numerical  simulation  is  crucial  for  geothermal
resource assessment,  optimal  design of  reinjection
schemes,  and  thermal  breakthrough  prediction  in
geothermal wells.  In  this  study,  COMSOL  Multi-
physics, a  mature  finite  element  calculation  soft-
ware for geological body multi-field coupling, was

used for  modeling.  Previous  studies  have  demon-
strated the  reliability  of  COMSOL  in  the  calcula-
tion  of  seepage  heat  transfer  and  solute  transport
problems  (Liu  et  al.,  2019b; Zinsalo  et  al.,  2020;
Shi et al., 2023). The flow, heat transfer, and tracer
transport processes  in  thermal  reservoirs  and frac-
tures  are  considered,  utilizing  physical  fields  such
as  Darcy's  law,  heat  transfer  in  porous  media,
transfer of matter in porous media, and heat trans-
fer  in  pipelines.  Based  on  the  equivalent  seepage
channel  model  (Fig.  4),  the  thermal  reservoir
bedrock  is  treated  as  a  porous  medium  rich  in
pores,  with  long  fractures  forming  the  equivalent
seepage  channels  that  direct  the  reinjection  water.
The  geothermal  well  structure  is  simulated  using
one-dimensional  line  elements  (Al-Khoury  et  al.,
2005; Al Khoury and Bonnier, 2006). Fluid flow in
geothermal reservoirs conforms to Darcy's law and
is  governed  by  the  mass  conservation  equation.
The  heat  transfer  process  in  the  thermal  reservoir
includes the heat conduction between rocks and the
heat  convection  effect  of  fractures,  which  can  be
described  by  the  energy  conservation  equation.
Combined  with  the  tracer  transport  theory,  the
transport  process  of  tracers  in  thermal  reservoirs
and  fractures  can  be  described  by  the  classical
convection-diffusion  equation  in  porous  media.
The equations of  each physical  field are shown in
Table 1 (Wang et al.,  2020b; Cui et al.,  2018; Liu
et al., 2019a; Pandey et al., 2018).

 3.1 Model building and meshing

Based  on  the  above  numerical  simulation  method
and in accordance with the distribution of geother-
mal wells  and  the  geothermal  geological  condi-
tions in the study area,  a  geothermal well  numeri-
cal model with a planar size of 1,500 m × 1,000 m
and a  depth  of  2,000 m was established (Fig.  5a).
The model includes a geothermal field, two layers
of  thermal  reservoirs,  two geothermal  wells  and  a
fissure channel. The initial pressure of the model is
set  according  to  the  hydrostatic  pressure  of  the
reservoir. The top and bottom of the model are set
as  no-flow  boundaries,  and  the  side  boundaries
around the model are set as water head boundaries.
After the reinjection begins (t>0), a flow boundary
is  set  for  the  bare  well  section  within  the  thermal
reservoir. The initial temperature field of the model
was  set  based  on  the  geothermal  gradient  of  the
study area and the temperature measurement curve
of  well  GR1.  The  top  of  the  model  was  set  to  a
fixed  surface  temperature  (20°C),  the  bottom  was
set  to  thermal  insulation,  and  the  four  sides  were
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set  to  open  boundaries.  For  the  solute  transport
process, the initial concentration of the model is 0.
Flux-free boundaries are set at the top and bottom,
and  open  boundaries  are  set  on  the  four  sides.
After  the  reinjection  begins,  a  line  mass  source
boundary is set in the bare well section of the ther-
mal  reservoir.  The  reinjection  parameters  in  the
model  are  taken  based  on  the  on-site  reinjection
tracer test values as shown in Table 2. The reinjec-
tion temperature and flow rate are both set accord-
ing to the parameters during the on-site tracer test.

The  parameters  of  the  thermal  reservoir  were
obtained based on on-site test results.

 3.2 Meshing and sensitivity analysis

To ensure  the  accuracy  of  the  numerical  simula-
tion,  a  sensitivity verification of  grid division was
carried  out.  In  COMSOL,  free  tetrahedral  meshes
are respectively applied to the solid matrix and the
fracture channels,  and  the  meshes  near  the  frac-

 

Table 1 Governing equations for each physical field

Description Governing equation

Seepage equations in thermal reservoirs ∂

∂t
(ρfφ)+∇ · (ρfuf ) = Qm

Heat transfer equation in thermal reservoir (ρCp)eff
∂T
∂t
+ρfCp,fuf · ∇T −∇ · (keff∇T ) = q f

Solute transport equations in thermal reservoirs ∂C
∂t
= D
∂2C
∂x2 −u

∂C
∂x

Heat transfer equation of wellbore ρf AwCp,f
∂T
∂t
+ρf ACp,f ūw · ∇T = ∇ ·Ak∇T + fD

ρf A
2di
|u|3 +Qwall

ρf Cp,f
q f

Notes: Where: t is time (s),  is the fluid density (kg/m3), Qm is the fluid mass source (kg/(m3∙s)),  is the specific heat
capacity of the fluid under constant pressure (J/kg/K), T is the temperature (K),  is the heat source (W/m3), and (ρCp)eff is
the equivalent volumetric heat capacity of the reservoir rock mass keff is the effective thermal conductivity of the reservoir
rock mass (W/m/K), C is the tracer concentration/(kg/m3); t is time (s), x is the channel axial coordinate (m); D is the tracer
axial dispersion coefficient (m2/s); u is the average flow rate of the fluid (m/s); Aw is the cross-sectional area of the geother-
mal well (m2); uw is the average flow velocity along the shaft axis (m/s); Qwall is the heat exchange between the fluid and the
surrounding rocks through the geothermal well wall, and f D is the Darcy friction factor.
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Fig. 5 Numerical model diagram (a) and meshing diagram (b)
 

Table 2 Model parameter table

Parameters Value Parameters value

Reinjection temperature 80°C Reservoir density 2,689 kg/m³

Thermal reservoir temperature 169°C Reservoir porosity 2.5%

Reinjection flow 60 m3/h Thermal conductivity of reservoir rock 7 W/(m·K)
Fluid density 1,000 kg/m³ Reservoir permeability 2×10−16 m2

Fluid heat capacity 4,200 J/(kg·°C) Reservoir heat capacity 920 J/(kg·°C)
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tures are  refined.  The  grids  are  divided  respec-
tively  in  refined,  ultra-refined  and  extremely
refined modes.  By calculating the peak concentra-
tion  of  tracer  in  the  production  well  (t  =  40  d),
models with different grid numbers were compared
(Table  3).  When  the  number  of  grids  was
increased, the peak changes in the tracer concentra-
tion  of  the  production  wells  were  all  less  than
0.1%.  In  this  study,  the  model  adopted  ultra-fine
grid  division  to  avoid  grid  effects  and  ensure  the
accuracy  of  the  calculation  results,  as  shown  in
Fig. 5b.
  

Table 3 Grid sensitivity analysis

Grid division mode
Number
of grids

Calculate the peak
concentration of tracer
in the mining well (t =
40 d) (×10−3/m3)

Refine the mesh 46,371 1.4525
Ultra-fine grid 135,351 1.4523
Extremely fine grid 224,470 1.4519
 

 3.3 Numerical model validation

The  variation  curve  of  tracer  concentration  in  the
bare well section of the production well during the
test period was calculated by the transient solution
method and  compared  with  the  analytical  Equa-
tion (2) and the on-site tracer test  results to verify
the applicability of the model (Fig. 6). The results
show that the tracer concentration curve calculated
by the model conforms to the changing trend of the
tracer response curve and fits well with the analyti-
cal  Equation  (2)  and  the  on-site  tracer  test  data,
indicating that  the  numerical  model  can  approxi-
mately  reflect  the  seepage  heat  transfer  and  tracer
migration processes in the thermal reservoir within
the study area.

 4  Results and discussion

 4.1 Tracer  breakthrough  curve  and
temperature variation

Tracer  concentrations  in  collected  water  samples
were analyzed to generate a time-series scatter plot
illustrating the relationship between tracer concen-
tration  and  water  temperature  in  geothermal  well
GR1 (Fig. 7). The tracer was initially detected 15 d
after  reinjection,  with  concentrations  subsequently
increasing.  Following  20  d,  the  concentration
exhibited  a  gradual  rise,  peaking  around  day  40
and remaining elevated for two d before a gradual
decline.  The  decrease  in  tracer  concentration
demonstrated  a  slow  and  protracted  tailing  effect.
Due to the limitations of the on-site conditions, the
sampling  density  was  reduced  to  once  every  20  d
after 86 d of the tracer test, and it ended after 160 d
of the  reinjection  tracer  test.  Continuous  tempera-
ture monitoring of the production well revealed an
overall  temperature  fluctuation  of  less  than  1°C
during the  test  period.  Notably,  a  sharp  tempera-
ture change coincided with the tracer's first arrival
time  at  approximately  20  d.  Low  levels  of  the
tracer  were  detected  in  observation  wells  K4,  K6,
and K13 (Table 4), with concentrations one to two
orders of magnitude lower than those in well GR1.
Over time, the tracer concentration in these obser-
vation wells generally exhibited a decreasing trend.
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Fig. 7 Tracer  concentration  detection  (left  axis)  and
temperature detection (right axis) in well GR1
 

 4.2 Simulation results of thermal reser-
voirs

Fig.  8 shows  the  distribution  of  thermal  reservoir
tracers during the test period. The tracer is injected
from  the  reinjection  well  into  the  fractured-
network  thermal  reservoir,  accompanied  by  the
migration  of  the  reinjection  fluid  in  the  thermal
reservoir.  Under  the  influence  of  the  seepage  and
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Fig. 6 Numerical simulation  results,  analytical  Equa-
tion (2), and on-site test results
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distribution  diffusion  of  geothermal  fluids,  the
tracer migrates to the periphery along the pores and
fractures in the thermal reservoir. The tracer forms
an irregular tracer halo around the reinjection well.
Over  time,  the  tracer  halo  around  the  reinjection
well  gradually  disappears  and  diffuses  within  the
thermal  reservoir.  Some  tracers  flow  along  the
seepage  channels  to  the  mining  well  under  the
drive  of  seepage.  This  is  consistent  with  the
changes  in  tracer  concentration  obtained  from  the
field tracer test.

Based  on  the  numerical  model,  the  distribution
characteristics  of  each  physical  field  of  the

geothermal  system  after  100  a  of  operation  were
predicted. Figs.  8 and 9 respectively  show  the
distribution of the pressure field and seepage field
in the  thermal  reservoir.  The  pressure  at  the  rein-
jection  well  is  relatively  high,  while  that  at  the
production well  is  relatively  low.  The flow veloc-
ity of  the  reinjected  fluid  around  the  well  is  rela-
tively high and much greater than that of the fluid
in  the  thermal  reservoir  matrix.  The  flow  of  the
reinjected fluid,  driven by the  pressure  difference,
flows  towards  the  production  well  or  around  the
thermal reservoir in different directions,  with only
a  small  portion  flowing  towards  the  mining  well

 

Table 4 Tracer concentration statistics of observation wells and well GR1

Time(d)
Tracer concentration by well (×10−6 kg/m3)
K4 K6 K13 GR1

8 8.10 50.34 24.82 Tracer was not detected
16 13.39 49.42 12.95 Tracer was not detected
26 28.07 29.00 17.17 480.24
42 10.05 21.16 12.09 1,320.08
61 9.93 23.90 11.23 890.88
69 12.85 16.84 10.90 809.68
78 10.25 15.45 12.30 679.76
86 10.58 13.50 11.23 621.76
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Fig. 8 Variation of tracer concentration at different times in the model
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along the connected seepage channels.
The  low-temperature  tailwater  injected  into  the

hot  reservoir  continuously  absorbs  heat  through
rock heat conduction and convection between cold
and hot fluids, thereby disrupting the original ther-
mal  equilibrium  of  the  reservoir.  Over  time,  the
temperature  distribution  within  the  hot  reservoir
influenced  by  the  low-temperature  tailwater
changes  continuously  (Fig.  11). Fig.  11 illustrates
the  temperature  field  distribution  of  the  thermal
reservoir  as  predicted  by  the  numerical  model  at
various  operational  times  of  the  geothermal  well
system.  Initially,  when  the  thermal  reservoir  was
undeveloped,  the  temperature  field  remained  in  a

relatively  stable  state  of  thermal  equilibrium,
primarily governed by the geothermal gradient and
geological  structure  (Fig.  11a). With  the  reinjec-
tion  of  low-temperature  tailwater,  the  area  around
the reinjection well absorbs heat first,  leading to a
temperature  decrease  and  the  formation  of  a
distinct  low-temperature  zone  (Fig.  11b).  As  the
geothermal  well  system  continues  to  operate,  this
low-temperature  zone  expands,  and  the  cold  front
advances  towards  the  production  well  due  to  the
combined effects  of  production and injection.  The
presence  of  fracture  channels  causes  some  low-
temperature water  to  flow  directly  to  the  produc-
tion well,  resulting in uneven fluid flow velocities
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Fig. 9 Pressure field of the thermal reservoir at different times
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Fig. 10 Seepage field of the thermal reservoir
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within  the  thermal  reservoir;  the  fluid  velocity  in
fractures  is  faster  than  in  the  reservoir  matrix.
Consequently,  the  low-temperature water  in  frac-
tures  does  not  have  sufficient  time  to  be  heated,
leading to a more rapid temperature change in the
vicinity  of  fractures  compared  to  the  reservoir
matrix  (Fig.  11c).  With  the  operation  of  the
geothermal well,  the range of the low-temperature
zone continuously expands. The cold front surface
of  the  temperature  field  around  the  fracture  first
causes the temperature of the mining well to drop.
At  t  =  100  a,  the  average  temperature  of  the
production  well  decreased  by  4°C  compared  with
the  initial  value  (Fig.  11d). This  affects  the  effec-
tive development  life  and  energy  recovery  effi-
ciency of the thermal reservoir.

 4.3 Analysis of seepage path

To address  the  seepage  characteristics  of  geother-

Mi

M

Mi/M

mal  fluid  in  thermal  reservoirs  and  subsequently
optimize  their  development  and  management,
tracer technology  is  often  employed.  This  tech-
nique  identifies  the  flow  path  and  velocity  of
geothermal  fluids  within  geothermal  wells  or  well
groups  (Axelsson  et  al.,  2005).  As  illustrated  in
Fig.  7,  the  tracer  concentration  exhibits  only  one
peak,  indicating  a  dominant  seepage  channel
between wells DR1 and GR1. The tracer recovery
mass  was  calculated  to  be  83  kg  by  inversion
through Equation (8). As the total dosage  of the
tracer  in  the  tracer  test  was  550  kg  of  tracer,  the
calculated  tracer  recovery  rate  was  15.1%.
Utilizing  the  parameters  of  the  thermal  reservoir
and  reinjection  (Table  2)  along  with  the  tracer
recovery rate, the ICEBOX program was employed
to  invert  and  fit  the  parameters  of  the  dominant
seepage channel. The longitudinal dispersion of the
tracer, the length of the seepage channel, the cross-
sectional  area  of  the  channel,  and  the  average
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Fig. 11 Temperature field of the thermal reservoir at different times
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migration rate of geothermal fluid derived from the
inversion are presented in Table 5.
  
Table 5 Seepage channel parameter table

Parameter Inversion result

Tracer recovery rate 15.1%

Channel length 468 m

Seepage velocity 11.6 m/d

Longitudinal dispersion 35 m

Dispersion coefficient 0.00413 m2/s

Channel cross-sectional area 7.91 m2

 

The complete  reinjection  of  extracted  geother-
mal  water  back into  the  reservoir,  maintained at  a
100% reinjection  rate  via  pipeline  connections,
allows the tracer recovery rate to serve as an indi-
cator  of  tracer  losses  resulting  from  dispersion
within  the  fracture  network  of  the  metamorphic
rock  reservoir.  The  low  recovery  rate  suggests  a
highly  heterogeneous  fracture  network  within  the
Yangtian  Basin's  high-temperature  metamorphic
rock reservoir, characterized by limited connectiv-
ity  between  production  and  reinjection  wells.
Given the Northeast-East (NEE) orientation of the
primary fault  in  the  Yangtian  Basin,  we  hypothe-
size that the dominant fracture direction within the
deep  metamorphic  rock  reservoir  also  aligns  with
the  NEE  direction.  As  the  reinjection  well  is
located  northwest  of  the  production  well,  the
injected tracer may preferentially flow along these
northeast-oriented water-conducting fractures, with
only a minor portion reaching the production well.
Tracer  detection  in  the  surrounding  observation
wells revealed trace amounts in three shallow wells
(K4, K6,  and  K13),  indicating  the  potential  pres-
ence of deep fractures or secondary fracture zones
within the  reservoir  that  create  pathways  connect-
ing the  deep  and  shallow  formations.  These  path-
ways  may  facilitate  the  seepage  of  reinjection
water  from  the  deep  reservoir  to  the  shallow
subsurface, thus accounting for the tracer presence
in these shallow wells.

The tracer transport patterns illuminate the seep-
age pathways of the reinjected water. Based on the
preceding  analysis,  a  schematic  representation  of
the  seepage  channel  between  the  production  and
reinjection  wells  was  developed  (Fig.  12).  This
depiction suggests that only a small fraction of the
reinjected fluid  flows towards  the  production well
along  the  fracture-dominated  seepage  channel,
while branching flows diverge from this main path.
A large amount of reinjection fluid may flow in the
northeast direction or other directions, and a small

portion  of  the  reinjection  fluid  may  seep  into  the
shallow  strata  along  the  water-conducting frac-
tures in the reservoir.
  

Reinjection well Observation well Producing well

Q+N

Ar

Tracer halo
Branch flow

Seepage channel
Fracture

Q+N

Quaternary system

of the Neozoic

Ar
Archacan

group

Tracer

halo

Flow

direction

Branch

flow

Fracture

 

Fig. 12 Prediction  of  seepage  pathways  between
production and reinjection wells
 

 4.4 The  influence  of  reinjection  sche-
mes on  seepage  heat  transfer  in   ther-
mal reservoirs

To  study  the  influence  mechanism  of  reinjection
schemes on seepage heat transfer in thermal reser-
voirs, the  current  reinjection  schemes  were  evalu-
ated through numerical models, so as to formulate
the  optimal  reinjection  scheme  and  improve  the
heat extraction efficiency and safety of geothermal
exploitation. Based  on  the  parameters  of  the  ther-
mal  reservoir  and  geothermal  well  in Table  2,  the
average  temperature  variation  of  the  production
well under different reinjection schemes was simu-
lated  (Fig.  14).  For  details,  please  refer  to  the
parameter  value  table  of  the  reinjection  scheme
(Table 6).

Fig. 13a illustrates the impact of varying reinjec-
tion  temperatures  on  the  average  temperature
evolution  of  the  production  well,  maintaining  a
constant  reinjection  flow  rate  (60  m3/h)  and  well
spacing  (440  m).  Specifically,  with  reinjection
temperatures of  25°C,  50°C,  and  80°C,  the  aver-
age  production  well  temperatures  after  100  a  of
geothermal  system  operation  are  163.7°C,
164.5°C, and 165.6°C. Lower reinjection tempera-
tures are associated with earlier temperature impact
on  the  production  well  and  a  larger  temperature
variation  range  after  a  century  of  operation.  This
phenomenon  is  attributable  to  the  increased
temperature differential between the lower-temper-
ature  injected  fluid  and  the  surrounding  high-
temperature  rock,  which  enhances  heat  transfer
efficiency.  Consequently,  the  fluid  extracts  a
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greater quantity  of  heat  from the  rock  mass,  lead-
ing  to  an  accelerated  temperature  decline  at  the
production well.

Fig. 13b illustrates the impact of varying reinjec-
tion  flow  rates  on  the  average  temperature  of  the
production  well,  given  consistent  reinjection
temperature  (25°C)  and  well  spacing  (440  m).
Specifically, with reinjection flow rates of 60 m3/h,
100  m3/h,  and  140  m3/h,  the  average  production
well temperatures after 100 a of geothermal system

operation  were  163.7°C,  159.9°C,  and  155.8°C,
respectively. These results indicate an inverse rela-
tionship between reinjection flow rate and both the
time  to  thermal  breakthrough  and  the  average
production  well  temperature.  A  higher  reinjection
flow rate  accelerates  the  arrival  of  cooler  reinjec-
tion  water  at  the  production  well  and  leads  to  a
greater  temperature  reduction  after  a  century  of
operation.  The  increased  flow  velocity  associated
with  higher  reinjection  rates  enhances  thermal
convection, reducing the residence time of the rein-
jection  fluid  within  the  geothermal  reservoir.  This
diminished  contact  time  limits  the  heat  transfer
process,  resulting  in  the  reinjection  water  being
heated  to  a  temperature  lower  than  that  of  the
surrounding reservoir  rocks,  consequently  lower-
ing the average temperature of the production well.

The  determination  of  the  well  spacing  for
production  and  reinjection  and  the  distribution  of
the well pattern depend on the geological structure
and seepage law of the thermal reservoir. The opti-
mal well spacing can delay the propagation time of
the cold front surface, reduce fluid loss, and ensure
that the thermal reservoir pressure is compensated.
Fig.  13c shows  the  influence  of  changing  the
distance  between  production  and  reinjection  wells
on the average temperature of the production wells
under the same reinjection flow rate (60 m3/h) and
temperature (25°C) conditions. When the distances
between  the  extraction  and  reinjection  wells  were
340 m,  440  m,  and  540  m  respectively,  the  aver-
age  temperatures  of  the  extraction  Wells  after  the
geothermal system had been in operation for 100 a
were  152°C,  163.7°C,  and  168.1°C,  respectively.
The  increase  in  the  spacing  between  production
and  reinjection  wells  lead  to  an  increase  in  the
seepage  path  of  reinjection  water.  Reinjection
water  has  more  time and space  to  absorb  the  heat
from  the  thermal  reservoir,  enhancing  the  heat
transfer  effect,  and  thus  the  average  temperature
drop rate and decrease of the extraction well gradu-
ally decrease.
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Fig. 13 Average temperature variation of production well under different reinjection schemes
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Fig. 14 Temperature  change  of  the  production  well
over 100 a
 

Table 6 Parameter  description  of  the  reinjection
scheme

Parameter/unit Value
Reinjection temperature/°C 25

50
80

Reinjection flow/(m3/h) 60
100
140

Production and reinjection well spacing/m 240
440
640
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 4.5 Thermal  breakthrough  prediction
analysis

According to DZ/T 0331–2020 "Evaluation Meth-
ods  and  Estimation  Regulations  for  Geothermal
Resources",  the  thermal  breakthrough  time  of
geothermal wells can be calculated based on a 2°C
drop in  the  temperature  of  the  geothermal  reser-
voir  after  100  a  of  exploitation  under  reinjection
conditions. Therefore, this study stipulates that the
thermal  breakthrough  time  of  the  mining  well  is
the  time when the  temperature  of  the  mining well
drops  by  2°C  after  100  a  of  operation  of  the
geothermal system's production and injection. That
is, a thermal breakthrough occurs when the temper-
ature  of  the  mining  well  drops  to  167°C.  The
temperature  change  in  the  production  well  over
100 a, predicted by the numerical model, is shown
in Fig.  14.  The  results  show  that  around  the  78th

year,  the  temperature  of  the  production  well
dropped  to  167°C,  and  a  thermal  breakthrough
occurred.

 4.6 Optimization strategies  and   uncer-
tainty analysis

Fig.  14 suggests  a  differential  influence  among
reinjection temperature, flow rate, and production-
reinjection  well  spacing  on  production  well
temperature.  While  alterations  in  reinjection  flow
rate  and  well  spacing  exert  a  considerable  impact
on seepage  heat  transfer  within  the  thermal  reser-
voir, variations in reinjection temperature appear to
have  a  comparatively  lesser  effect.  In  practical
engineering  applications,  careful  consideration
should be given to optimizing both the production-

injection flow rates and well spacing. Furthermore,
a  cascading  utilization  of  extracted  geothermal
water  prior  to  reinjection  is  recommended.  The
formulation of an optimized reinjection strategy is
crucial for enhancing heat extraction efficiency and
prolonging the operational lifespan of the geother-
mal  well  system.  Model  predictions  indicate  that
elevating the reinjection temperature,  reducing the
flow rate, and expanding well spacing contribute to
varying  degrees  of  extension  in  the  geothermal
reservoir's development life. Based on the tempera-
ture  changes  of  the  extraction  well  after  the
geothermal system has been in operation for 100 a
as  obtained  from  27  numerical  simulation  results
(Table  7),  it  is  concluded that  with  the  decreasing
well spacing, the influence of reinjection tempera-
ture and reinjection flow rate on the temperature of
the production well gradually becomes significant.

In addition, the critical well spacing for thermal
breakthrough  under  two  working  conditions  was
studied: One with a reinjection flow rate of 60 m3/h
and  a  reinjection  temperature  of  80°C,  and  the
other with a reinjection flow rate of 60 m3/h and a
reinjection  temperature  of  25°C.  The  simulation
results show that when the reinjection flow rate is
60  m3/h,  the  reinjection  temperature  is  80°C,  and
the well  spacing is  at  least  470 m, it  can meet the
requirement of no thermal breakthrough. When the
reinjection  flow  rate  is  60  m3/h,  the  reinjection
temperature  is  25°C,  and  the  well  spacing  is  at
least 510  m,  it  can  ensure  that  no  thermal  break-
through occurs. Based on on-site tests, the reinjec-
tion scheme  and  well  location  layout  were  opti-
mized.  It  was  concluded that  when the  reinjection
flow rate is 60 m3/h, the reinjection temperature is
80°C,  and  the  well  spacing  is  at  least  470  m,  the
temperature  change  of  the  mining  well  does  not

 

Table 7 Temperature variation and thermal breakthrough time of the mining well after 100 a of the geothermal
system operation under different reinjection schemes

Well
spacing

Reinjec-
tion flow

Reinjection temperature
25°C 50°C 80°C

340 m 60 m3/h 152°C/38a 154°C/41a 157°C/46a
100 m3/h 143.9°C/28a 146.3°C/29a 150.7°C/33a
140 m3/h 135.8°C/23a 139.6°C/24a 145.49°C/30a

440 m 60 m3/h 163.7°C/70a 164.5°C/74a 165.6°C/78a
100 m3/h 159.9°C/54a 161.3°C/58a 163°C/65a
140 m3/h 155.8°C/46a 157.8°C/49a 160.2°C/55a

540 m 60 m3/h 168.1°C/No thermal breakthrough 168.3°C/No thermal breakthrough 168.5°C/No thermal breakthrough
100 m3/h 167.2°C/No thermal breakthrough 167.5°C/No thermal breakthrough 167.9°C/No thermal breakthrough
140 m3/h 166.2°C/90a 166.7°C/96a 167.2°C/No thermal breakthrough

Notes: "165.6°C/78a" represents the temperature value of the extraction well after the geothermal system has been in opera-
tion for 100 a, the time of thermal breakthrough under the current reinjection scheme.
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exceed  2°C  after  the  geothermal  system  operates
for  100  a,  and  no  thermal  breakthrough  will  be
triggered.

However,  the  applicability  of  this  optimization
strategy  is  limited  to  the  specific  geothermal
extraction and reinjection system of the on-site test
due to the inherent variability of geological condi-
tions.  Moreover,  the  fracture  network,  particularly
faults,  serves  as  the  primary  conduit  for  fluid
movement  and  heat  transfer  in  metamorphic  rock
geothermal reservoirs. This influences not only the
seepage heat  transfer  process  of  geothermal  fluids
but  also  the  evolution  of  the  temperature  field
within the reservoir. Due to the fact that the tracer
sodium  naphthalene  sulfonate  used  in  the  tracer
test is a conservative tracer with certain limitations,
it  can only determine that  there are a few seepage
channels  in  the  thermal  reservoir  connecting  the
production  well  and  the  reinjection  well,  and
cannot  accurately  identify  the  morphology  and
distribution of  the  fracture  network  in  the  meta-
morphic  rock  thermal  reservoir.  Therefore,  in  the
simulation  study,  a  fracture  channel  was  assumed
to be equivalent to the fracture network connected
between  injection  wells,  without  considering  the
heterogeneity of  the  fracture  network  in  the  ther-
mal reservoir. In future research, the spatial hetero-
geneity  of  the  fracture  network  of  metamorphic
rock  thermal  reservoirs  will  be  considered  in
combination with field test data to deeply study the
seepage  heat  transfer  mechanism  of  metamorphic
rock thermal reservoirs.

 5  Conclusions

This  study  takes  the  high-temperature metamor-
phic  rock  thermal  reservoir  in  the  Tianzhen
geothermal  field  of  Datong  City  as  the  object.
Through  conducting  reinjection  tracer  tests  and
establishing  a  seepage  heat  transfer  model  of  the
thermal  reservoir,  the  seepage  laws  and  seepage
heat  transfer  processes  of  the  high-temperature
metamorphic  rock  thermal  reservoir  during  the
reinjection  process  are  revealed.  The  distribution
characteristics  of  various  physical  fields  in  the
geothermal  reservoir  after  the  geothermal  system
has  been  in  operation  for  100  a  were  also
predicted.  The  influence  of  different  reinjection
schemes on  seepage  heat  transfer  in  the  geother-
mal  reservoir  was  analyzed,  and  the  optimization
strategy  of  the  reinjection  scheme  was  proposed.
The conclusions are as follows:

(1)  The  tracer  recovery  rate  is  relatively  low,
indicating  poor  connectivity  between  production
and injection  wells.  Within  the  geothermal  reser-

voir,  only  a  limited  number  of  seepage  channels
are  present  to  establish  connectivity  between
production  wells  and  reinjection  wells.  In  these
seepage channels, the average flow velocity of the
reinjected fluid is measured at 11.6 m/d. Addition-
ally,  a  portion  of  the  fluid  migrates  toward  the
shallow layers along water-conducting fractures.

(2) Driven  by  pressure  differences,  the  rein-
jected  fluid  flows  toward  production  wells  or
around the geothermal reservoir in different direc-
tions,  with  only  a  small  portion  flowing  toward
production wells through connected seepage chan-
nels.  In  the  initial  stage  of  reinjection,  a  low-
temperature  zone  and  a  cold  front  are  formed
around  the  injection  well,  and  the  morphology  of
the  cold  front  is  affected  by the  fractured seepage
channels.  As  reinjection  continues,  the  cold  front
continuously migrates and expands until it reaches
the  production  well,  causing  temperature  changes
in the production well.

(3) The changes in the reinjection flow rate and
the well spacing for production and injection have
a significant impact on the seepage heat transfer of
the  thermal  reservoir,  while  the  decrease  in  the
reinjection temperature has a relatively small influ-
ence  on  the  seepage  heat  transfer  of  the  thermal
reservoir.  The  lower  the  reinjection  temperature,
the greater the flow rate, the smaller the well spac-
ing, and the greater the rate and extent of tempera-
ture drop in the mining well.

(4) Under the current reinjection test conditions,
the  temperature  of  the  production  well  in  the
geothermal system has dropped by 4°C after 100 a
of operation, and a thermal breakthrough occurred
at 78 a. To extend the development life of geother-
mal  reservoirs,  while  maintaining  a  reinjection
flow rate of 60 m3/h and a reinjection temperature
of 80°C unchanged, the well spacing should be no
less  than  470  m  to  ensure  that  the  temperature
change of the extraction well is less than 2°C after
100  a  of  reinjection  operation,  and  no  thermal
breakthrough will be triggered.
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