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Abstract: Global climate change highlights the significance of renewable clean energy. Geothermal energy from oilfields is abundant and
can be utilized for residential heating and oil transportation. However, unreasonable heat exchange methods lead to groundwater level decline.
Differences and delays between water extraction and reinjection inevitably cause land subsidence, hindering the sustainable utilization of
geothermal energy resources. It is crucial to effectively monitor large-scale ground surface deformation characteristics in geothermal fields. In
the research, 55 Sentinel-1A images from October 2018 to May 2022 were collected, and the ground deformation of Caofeidian new district
in Bohai Bay Basin, where Nanpu Oilfield is located, in North China, was inverted by short baseline subsets-interferometric synthetic aperture
radar (SBAS-InSAR) technology. The maximum subsidence velocity in Caofeidian new district exceeded 50 mm=year. Since April 2019,
there has been concentrated ground subsidence in the Caofeidian new district, with a maximum cumulative subsidence exceeding 50 mm. The
maximum cumulative subsidence exceeded 150 mm by May 2022. Combined with pumping and recharging tests near heating project in
Caofeidian new district, the temporal subsidence mechanisms were revealed. The water extraction from the thermal reservoir caused drainage
consolidation of the strata, triggering rapid subsidence in November. In April, discrepancy between water extraction and reinjection flow rate
in thermal reservoir caused drainage consolidation of the strata, further exacerbating the subsidence trend. During rainy seasons, despite water
reinjection and groundwater replenishment from precipitation, the strata in the Caofeidian new district underwent irreversible plastic de-
formation, with a slow rebound process, lagging behind urban areas without geothermal development by one month. InSAR is a reliable
technology for understanding the ground deformation process in geothermal fields. Clarifying the subsidence mechanisms guides the se-
lection of water-heat exchange methods, ensuring the sustainable development of geothermal resources. DOI: 10.1061/JLEED9.EYENG-
5523. © 2024 American Society of Civil Engineers.

Author keywords: Renewable energy; Geothermal energy engineering; Ground surface deformation; Remote sensing; InSAR; Ground
control; Reservoir management.

Introduction

Entering the industrial era, with the increase in population and
living standards, the global consumption of fossil fuels has sharply
risen. Currently, approximately 85 million barrels of oil (about
12million tons), 8 billion cubic meters of natural gas, and 16million
tons of coal are consumed daily (Olah et al. 2011). However, fossil
fuel reserves are limited, unevenly distributed, and the renewable
time for fossil energy is in the millions of years. The available

resources for oil and natural gas are expected to last only until
the end of this century (Pirjola et al. 2019; Wang et al. 2020). Fur-
thermore, the combustion and oxidation process of fossil fuels and
their products accelerate the global carbon cycle, leading directly
to the issue of global warming as carbon dioxide rapidly increases
in the atmosphere (Hoang and Pham 2021). The societal demand for
renewable alternative energy sources, such as hydro, geothermal, so-
lar, wind, nuclear energy, is becoming increasingly intense (Pirjola
et al. 2019; Wang et al. 2020). Reshaping the energy landscape is
a crucial breakthrough for achieving sustainable development in
industrial society (Hoang and Pham 2021; Nadeem et al. 2023).

The unified mantle background, similar geological conditions,
and favorable reservoir-seal combinations in rift basins provide
conditions for the co-storage of oil and gas resources with geother-
mal resources (Aydin and Merey 2021; Majorowicz and Moore
2014). Geothermal energy, as a green, low-carbon, and recyclable
clean energy source, possesses characteristics such as large re-
serves, widespread distribution, and high stability. With the ongoing
depletion of oil and gas resources, geothermal energy has become
a crucial component in the diversified development of oil, gas, and
heat resources. The geological data accumulated during oil and gas
exploration lay the foundation for efficient and large-scale utiliza-
tion of geothermal resources (Aydin and Merey 2021; Majorowicz
and Moore 2014). Simultaneously, the thermal energy generated
during oil and gas well exploitation can be used for residential heat-
ing and oil transportation. Additionally, the reuse of abandoned
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oil wells saves production costs and facilitates the technological and
product transformation in traditional oilfields.

In the development of geothermal energy, the key lies in sophis-
ticated reservoir management and rational heat exchange from the
thermal fluid. Shortsighted methods, including only extraction
without replenishment and disorderly extraction and discharge, lead
to a decline in the groundwater level. The decline triggers severe
ground subsidence issues and results in extremely low efficiency
in geothermal field development (Cigna et al. 2019). In recent years,
the extract heat without extracting water model, based on balanced
production and reinjection technology, has been applied. However,
for porous thermal reservoirs, factors such as physical blockages,
the clogging effect of organic substances in reinjected water, and
blockages caused by the heat source would lead to differences
and delays between pumping and reinjection volumes. Changes
in the volume and pressure of geothermal fluids have led to sub-
sidence and even collapse of the ground in geothermal fields,
impacting their sustainable development (García-Gil et al. 2016).
In the context of large-scale extraction of oil, gas, and geothermal
energy in coastal oilfields, the continuous decline in groundwater
level can trigger seawater intrusion issues, threatening to the inland
hydrogeological environment. It severely restricts agricultural pro-
duction and regional development. Therefore, monitoring ground
subsidence caused by geothermal field development and assessing
the potential impacts of geothermal energy extraction on the geo-
logical environment are crucial issues for the rational utilization of
geothermal resources. It can provide essential information for the
planning and operation of geothermal fields.

Due to the great depth of geothermal reservoirs, the challenges
of high pressure and high-temperature environments for sensors are
considerable (Liu et al. 2018). The process of monitoring changes
in geothermal fluids is difficult, and quantifying underground de-
formations caused by geothermal extraction is challenging, which
impedes efficient reservoir management. Therefore, it is necessary
to measure ground surface deformations above the reservoir to infer
the dynamics of the geothermal field, as well as the reinjection
and production processes, indirectly quantifying regional ground
subsidence caused by hydrothermal extraction (Hu et al. 2016;
Maghsoudi et al. 2018).

Traditional ground measurement techniques, such as leveling
and global navigation satellite system (GNSS), can only form
low dense survey network (Cao et al. 2022a; Qin et al. 2017).
Interferometric synthetic aperture radar (InSAR) technology based
on satellite imagery exhibits advantages such as large-scale, low-
cost, and all-weather imaging (Janna et al. 2012; Yu et al. 2020a).
Therefore, InSAR technology has been widely applied to geologi-
cal resource development and geological disasters associated with
large-scale and hard-to-access deformations. In terms of geological
resources, it can monitor phenomena such as coal fires (Jiang et al.
2011; Karanam et al. 2021), underground oil and gas activities
(Fibbi et al. 2023; Liu et al. 2016; Qu et al. 2015), and excessive
groundwater extraction (Chaussard et al. 2014; Hoffmann et al.
2003). InSAR technology can also be used to assess underground
structural activity risks caused by activities such as CO2 geological
storage and water injection (Verdon et al. 2013; Yang et al. 2015).
Additionally, the technology can invert the historical deformation
modes of geological disasters such as landslides and debris flows,
thereby further exploring the deformation mechanisms of these
disasters (Singleton et al. 2014; Yi et al. 2022).

Some scholars have attempted to use short baseline subsets
InSAR (SBAS-InSAR) to monitor long-term regional deformations
caused by geothermal field development (Cigna et al. 2019; Hu
et al. 2016; Liu et al. 2018; Maghsoudi et al. 2018), exploring the
correlation between dynamic changes in geothermal fluids and

ground deformations. SBAS-InSAR leverages SAR images within
different small baseline subsets. The singular value decomposition
(SVD) method can address rank deficit problems in solving inter-
ferogram phases. SBAS effectively increases the spatiotemporal
sampling rate and mitigates baseline decorrelation phenomena
(Berardino et al. 2002). SBAS contributes to improving the accu-
racy of interferometric phases acquisition (Tizzani et al. 2007),
ensures the reliability of deformation monitoring, and meets the
requirements for monitoring long-term ground deformations in
geothermal fields.

This study, focuses on the geothermal development area in
Caofeidian District located in the Bohai Bay of North China, with
55 Sentinel-1A images collected from October 2018 to May 2022,
aiming at taking advantage of InSAR ground monitoring for en-
hanced geothermal reservoir management. First, utilizing the
SBAS-InSAR technique, ground surface deformation information
for the Caofeidian District were inverted, identifying two sub-
sidence centers: Nanpu development zone and Caofeidian new
district. Then, through a comparative analysis of the deformation
values and the deformation time series in the subsidence centers
during the heating period and rainy seasons, considering develop-
ment patterns in the study area, the research revealed the subsidence
mechanism of porous geothermal reservoirs. Finally, the study dem-
onstrated the correlation between InSAR monitoring and geother-
mal operations, providing an effective low-cost strategy for ground
control and reservoir management.

Geologic Settings of Geothermal Energy
Development in Caofeidian District, Tangshan,
China

Tectonic and Lithology Geological Settings

The studied geothermal field is based in Caofeidian District,
Tangshan City, Hebei Province, China, which is located in the
Bohai Bay Basin. The Bohai Bay Basin spans the regions of
Beijing, Tianjin, Hebei, Shandong, Liaoning, and the Bohai Sea
area in North China, with an area of 2 × 105 km2 [Fig. 1(a)]. The
Nanpu Sag in the Bohai Bay is located in the south-eastern direc-
tion of Tangshan City, Hebei Province [Fig. 1(b)]. Tangshan City
has a north-high and south-low topography, with elevations ranging
from 0 to about 800 m [Figs. 1(a and b)].

The Neogene and Quaternary subsidence periods in the Nanpu
Sag witnessed frequent tectonic activities (Li and Li 2023; Li 2013)
[Fig. 1(b)]. Simultaneously, the deposition of Neogene Guantao
formation, Minghuazhen formation, and Quaternary strata occurred
(Wei 2006; Li 2020, 2013). The thickness variation of the Guantao
and Minghuazhen formations is significant, with a characteristic
of thinning to the south and thickening to the north (Li 2020,
2013). The average thickness of the Guantao formation is 300–
900 m, with an accumulated geothermal thickness of 120–300 m.
The Minghuazhen Formation has an average thickness of 740–
2000 m (Dong et al. 2021; Li 2013). The quaternary strata mainly
comprise sedimentary layers of alluvial plains, showing regional
unconformity contact with the underlying Neogene strata. The lith-
ology is primarily sand and clay [Fig. 2(a)], with an average thick-
ness of 0–300 m (Li and Li 2023; Li 2013). The present-day
geothermal heat flow in the Nanpu Sag ranges from 93.8 to
100.1 mW=m2 (Dong et al. 2021). The Jidong Nanpu Oilfield,
located in the southeastern coastal area of Tangshan City within
Caofeidian, produces approximately 10 million tons of oil annually
and is a world-class high-yield oilfield.
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Climatic Setting

Tangshan City experiences a temperate continental monsoon
climate with distinct seasons, concentrated rainfall from June to
September. There is significant regional variation in the annual
average precipitation, generally decreasing from north to south.
Caofeidian District has an annual average precipitation of less than
550 mm [Fig. 2(b)] (Wei 2006). The annual average temperature in
the study area ranges from 10 to 11°C, with a maximum temperature
of 40°C and a minimum temperature of −28°C (Li and Li 2023).

Hydrogeological Setting

The aquifers in the study area comprise carbonate rock fracture-
karst aquifers and quaternary loose porous aquifers (Wei 2006).
Carbonate rock fracture-karst aquifers are distributed in the northern
mountainous areas and urban areas of Tangshan, mainly consisting
of Ordovician karst water (Li and Li 2023). Quaternary loose porous
aquifers are found on both sides of river valleys and in the alluvial
plain areas, with the groundwater level depth of the quaternary aqui-
fer in Caofeidian District exceeding 20 m (Dong et al. 2016).

Methodology

SAR Data Set

The Sentinel satellites are members of the Copernicus program
in European Space Agency. The Sentinel-1 satellites operate in the
C-band and collect radar images of the Earth’s surface. The
Sentinel satellites possess excellent spatial coverage and revisit
capabilities, with data being openly accessible. 55 SAR images
from the Sentinel-1A satellite covering the Tangshan City were

acquired. The images span the period from 25 October 2018 to
25 May 2022, with a time interval of 24 days. The images were
obtained from frame 124 in the ascending orbit. When focusing
on large-scale ground deformation patterns, neglecting horizontal
surface deformation in contributing to LOS deformation, a single
geometry is sufficient to acquire vertical ground deformation (Li
and Li 2023; Yu et al. 2020a). Additionally, a 30 m resolution
DEM mapped by the shuttle radar topography mission (SRTM)
conducted by the National Aeronautics and Space Administration
(NASA) was used for image registration and removal of topo-
graphic phase. The key parameters for the SAR images are sum-
marized in Table 1.

SBAS-InSAR Processing

The SBAS-InSAR processing was conducted using the SARscape
module in ENVI software. The key algorithm of SBAS-InSAR
is shown in Fig. 3(a). Initially, using the image from 22 July 2020,
as the reference image, 249 pairs of interferograms were gener-
ated, with the temporal baseline limited to 150 days [Fig. 3(b)].

Fig. 2. (a) Regional lithology map of Tangshan City; and (b) regional precipitation map of Tangshan City. (Modified from Wei 2006.)

Fig. 1. Geographical location of the study area: (a) topography of Bohai Bay Basin; and (b) quaternary fault activity of Tangshan City. (Sources: Esri,
HERE, Garmin, FAO, NOAA, USGS, © OpenStreetMap contributors, and the GIS User Community.)

Table 1. Key parameters for the collected SAR images

Sentinel-1A image parameter Value

Beam mode IW
Path 69
Frame 124
Flight direction Ascending
Polarization VV
Incidence angle 39.11°
Resolution 5 × 20 m

© ASCE 05024001-3 J. Energy Eng.
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The coherence maps of typical interferometric images for the study
area were obtained (Fig. 4), along with histograms of the coherence
maps (Fig. 5). During the winter seasons [Figs. 4(a-b, d, f, and h)],
the interference quality in the study area was good, with an average
coherence coefficient exceeding 0.4 [Figs. 5(a-b, d, f, and h)].
Particularly, coherence was notably high in the four urban areas,
namely the Caofeidian district in the north, the Caofeidian indus-
trial zone in the south, the Caofeidian new district in the east, and
the Nanpu development zone in the west [Figs. 4(a-b, d, f, and h)].
In the rainy seasons [Figs. 4(c, e, g, and i)], the interference quality
in the central farmland and coastal areas was relatively poor, while
the interference quality in urban areas remained good. The average
coherence coefficient still exceeded 0.3 [Figs. 5(c, e, g, and i)]. Sub-
sequently, the Goldstein filtering method (Goldstein and Werner
1998; Suo et al. 2016) was employed to eliminate noise phases.
60 ground control points (GCPs) were selected to remove flat
ground phase and refine the orbit (Cao et al. 2022b; Wang et al.
2023). The minimum cost flow algorithm (MCF) was applied for
phase unwrapping in pixels with a coherence coefficient >0.3. A
total of 39 interferogram pairs were discarded based on the inter-
ferometric quality and unwrapping effectiveness. Finally, atmos-
pheric phases were filtered using high pass filtering and low pass
filtering methods, and a robust linear fitting model (Wang et al.
2023; Wang et al. 2024) (https://www.sarmap.ch/tutorials/SBAS
_Tutorial_562.pdf) was employed to invert ground deformation
velocity. The deformation results were then transformed from radar
coordinates to the line-of-sight (LOS) direction (dLOS), and the ver-
tical deformation velocity (dv) was further determined according
to the satellite incidence angle (θ) utilizing the formula (Li and
Li 2023; Yu et al. 2020a):

dv ¼ − dLOS

cos θ
ð1Þ

Correlation between Site Deformation Characteristics
and Reservoir Management

In the process of geothermal oilfield production, parameters such as
temperature and pressure of the fluids within the reservoir undergo
changes. These variations in the fluid field lead to alterations in the

stress and strain fields of the reservoir matrix, manifested macro-
scopically as deformation of the reservoir site. It is challenging to
deploy sensors to monitor the activities within the reservoir in high-
temperature and high-pressure environments. Geertsma (1966,
1973) derived the relationship between vertical deformation of the
reservoir center (uz) and internal pressure drop (Δp) based on Biot
consolidation theory

uz ¼ −2ð1 − υÞcmαhΔp

�
1 − Bffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ B2
p

�
;

cm ¼ ð1þ υÞð1 − 2υÞ
Eð1 − υÞ ; B ¼ C

R
ð2Þ

where υ = Poisson’s ratio of the reservoir matrix, E = elastic mod-
ule of the reservoir matrix, α = Biot-Willis coefficient, h = reservoir
thickness, C = buried depth of the reservoir center, and R = radius
of the reservoir.

Therefore, by using InSAR to acquire large-scale deformation
characteristics of the site, it is possible to infer the changes in pres-
sure and stress within the reservoir. Particularly, under different
development patterns such as urban areas and geothermal oilfield
development zones, InSAR can be utilized to horizontally compare
the temporal deformation characteristics of different sites. Addi-
tionally, it can help identify the predominant factors driving site
deformation.

Results and Analyses

Regional Deformation Characteristics

The Sentinel-1A SAR images captured between 25 October 2018
to 25 May 2022 were processed by SBAS-InSAR method. The
ground deformation velocity of the Caofeidian District was inverted
[Fig. 6(a)]. The maximum subsidence deformation velocity for
the Caofeidian District was −94 mm=a, and the maximum uplift
deformation velocity was 40 mm=a. The ground deformation in
Caofeidian District exhibited four distinct deformation regions,
corresponding to the four urban areas with high interference qual-
ity. The northern part of Caofeidian (region A) and the southern

Fig. 3. (a) Key algorithm of SBAS-InSAR; and (b) spatiotemporal baseline maps.
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Caofeidian industrial zone (region D) primarily experienced uplift,
with an uplift velocity of up to 10 mm=a. In the western Nanpu
development zone (region B) and eastern Caofeidian new district
(region C), there was concentrated subsidence deformation, with
some areas experiencing a subsidence velocity of up to −70 mm=a.

The error of InSAR deformation velocity results is shown in
Fig. 6(b). The formula used for the precision calculation is (https://
www.sarmap.ch/tutorials/Interferometry_DEM_v570.pdf):

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − γ2

2γ2

s
λR sin θ
4πB

ð3Þ

where γ = interferometric coherence, λ = wavelength, R = slant
range distance, θ = local incidence angle, and B = normal baseline.
It provides an estimate of the measurement precision. The higher
this value the lower the measurement precision.

Most areas in Caofeidian District demonstrated good accuracy
in deformation velocity (<5.10 mm=a), with high precision in ur-
ban areas like regions B and C (0.14–1.79 mm=a), especially in the
well-established and developed region A [Fig. 6(b)]. For middle
farmland and coastal areas, the coherence of SAR images was com-
promised by water during rainy seasons [Figs. 4(c, e, g, and i)]
leading to relatively low accuracy (>5.10 mm=a) [Fig. 6(b)].

Spatiotemporal Deformation Characteristics of the
Local Regions

From 25 October 2018 to 25 May 2022, the cumulative ground
deformation in Caofeidian District was mostly distributed in the
range of −250 mm to 200 mm (Fig. 7). From October 2018 to
December 2018 [Fig. 7(a)], a pale red patchy area appeared in
the central part of the study area, indicating widespread slight sub-
sidence phenomena with subsidence values within −50 mm.

Fig. 4. Coherence maps of typical interferometric images across seasons: (a–b), (d), (f), and (h) winter seasons; (c), (e), (g), and (i) rainy seasons.
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Slight subsidence occurred in regions B, C, and D, while the sub-
sidence phenomenon was less pronounced in region A [Fig. 7(a)].
By April 2019 [Fig. 7(b)], the subsidence trend in the central region
of the study area eased, with the subsidence trend disappearing in
region D. Regions B and C still exhibited a subsidence trend. Addi-
tionally, a small area in the region C appeared in fiery red color,
indicating localized concentrated subsidence, where subsidence val-
ues exceeded 50 mm [Fig. 7(b)]. By October 2019 [Fig. 7(c)], the
subsidence trend in the central part of the study area further eased,
while regions B and C still maintained a subsidence trend. By April
2020 [Fig. 7(d)], the pale red patchy area in the central part of the
study area gradually disappeared, with further easing of the sub-
sidence trend. Regions B and C still exhibited a subsidence trend
[Fig. 7(d)]. Region D showed a significant uplift deformation area,
where uplift values exceeded 50 mm [Fig. 7(d)]. By October 2020
[Fig. 7(e)], partial uplift deformation areas appeared in the region A,
where uplift values exceeded 50 mm. By April 2021 [Fig. 7(f)], the
uplift deformation areas in regions A and D further expanded, with
uplift values exceeding 50 mm. The subsidence trend in regions B
and C further intensified, with a significant increase in the area of
fiery red areas where subsidence values exceeded 50 mm [Fig. 7(f)].
By October 2021 [Fig. 7(g)], the uplift deformation trend in regions
A and D further intensified, with areas showing uplift values ex-
ceeding 100 mm. The subsidence trend in region C further intensi-
fied, with areas showing subsidence values exceeding 150 mm
[Fig. 7(g)]. By May 2022 [Fig. 7(h)], the areas with uplift values
exceeding 100 mm in regions A and D further increased. The sub-
sidence trend in region C further intensified, with the area showing
subsidence values exceeding 150 mm further expanding [Fig. 7(h)].

To understand the development trends of cumulative ground de-
formation in regions with concentrated subsidence, the time series
curves of all deformation result points were averaged for regions B
and C, resulting in the time series deformation curves for each re-
gion [Fig. 8(a)]. The deformation time series curves of subsidence
centers B and C were locally magnified [Figs. 8(b–d)].

During the first heating season in 2018, from November 2018 to
April 2019 [Fig. 8(a)], region B exhibited a sustained subsidence
trend, while region C showed alternating patterns of subsidence
and uplift deformation. Starting from December 2018 [Fig. 8(a)],
region C initially displayed significant subsidence followed by uplift
deformation, then continued subsiding. By March 2019 [Fig. 8(b)],
region C experienced uplift deformation again. By the end of April
2019 [Fig. 8(b)], region C continued to undergo subsidence defor-
mation, while the subsidence trend in region B ended, transitioning
to uplift deformation. By June 2019 [Fig. 8(b)], region B shifted back
to subsidence, while region C experienced uplift deformation. From
September 2019 to the end of February 2020 [Fig. 8(a)], regions B
and C both exhibited consistent subsidence trends. Starting from
March 2020 [Fig. 8(c)], region C began to uplift, while region B
continued to subside. Region C shifted back to subsidence by May
2020, with slight uplift occurring in June and September 2020
[Fig. 8(c)]. The subsidence trend in region B ended in April 2020,
transitioning to uplift [Fig. 8(c)]. From October 2020 to the end of
April 2021 [Fig. 8(a)], both regions B and C exhibited consistent sub-
sidence trends. The subsidence trend in region C ended in June 2021,
with uplift deformation continuing until August 2021 [Fig. 8(d)].
The subsidence trend in region B ended in late April 2021, showing
uplift in May 2021 [Figs. 8(a and d)]. From September 2021 to the

Fig. 5. Histograms of coherence maps across seasons: (a–b), (d), (f), and (h) winter seasons; (c), (e), (g), and (i) rainy seasons.
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beginning of February 2022, regions B and C showed consistent
subsidence trends [Fig. 8(a)]. The subsidence trend in region C
ended in March 2022, with uplift deformation continuing until
May 2022 [Fig. 8(a)]. The subsidence trend in region B ended
in late April 2022, showing uplift in May 2022 [Fig. 8(a)].

From 2018 to 2022, the time series deformation characteristics
of regions B and C exhibited certain regularities. The summary is
as follows: during the heating seasons, region B maintained a

continuous subsidence trend, while region C exhibited the charac-
teristic of rapid ground subsidence followed by uplift deformation.
After the heating seasons ended, in early May, there was a further
intensification of the subsidence trend in region C, while the sub-
sidence trend in region B remained relatively unchanged, even be-
ginning to show uplift deformation. There was concentrated rainfall
in Caofeidian District during June and September (Fig. 9). Upon
entering the rainy season in June, the subsidence trend in region

Fig. 6. SBAS-InSAR results of (a) ground deformation velocity of the Caofeidian District and (b) deformation velocity error overlaid on the satellite
imagery in the Caofeidian District; and (c) counting points of deformation velocity error.

© ASCE 05024001-7 J. Energy Eng.

 J. Energy Eng., 2024, 150(5): 05024001 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Sh
un

de
 Y

in
 o

n 
08

/0
1/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Fig. 7. Cumulative deformation of Caofeidian District in: (a) December 2018; (b) April 2019; (c) October 2019; (d) April 2020; (e) October 2020;
(f ) April 2021; (g) October 2021; and (h) May 2022.

Fig. 8. (a) Time series curves of cumulative deformation in the divided regions; locally magnification in time series curves of cumulative deformation
during (b) March 2019 to September 2019; (c) March 2020 to October 2020; and (d) May 2021 to August 2021.
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C was restrained, exhibiting alternating patterns of subsidence and
uplift. Region B also displayed this characteristic. However, inter-
estingly, there was a temporal gap between the transition points of
subsidence and uplift in regions B and C, with region B experienc-
ing uplift deformation earlier, approximately one month before
region C. Clearly, in June 2019, September 2020, and July 2021
[Figs. 8(b–d)], region B experienced significant uplift deformation
while region C still maintained a subsidence trend. One month later,
region C underwent uplift deformation.

Feasibility of Monitoring Ground Surface Deformation
in Geothermal Fields by InSAR

Against the backdrop of reducing global carbon emissions, finding
new energy sources to replace traditional fossil fuels is a key issue
for the development of industrial society. In the Nanpu Oilfield of
Caofeidian in North China, the extensive accumulation in oil and
gas exploration data economically facilitates the development of geo-
thermal energy resources. Since 2018, geothermal projects have been
vigorously developed in Caofeidian new district, and by the end of
2023, the geothermal heating area has reached 16.66 millionm2,
saving approximately 406,800 tons of coal (Dong et al. 2021).

However, the problem of ground subsidence has also emerged
with geothermal development. The study identified concentrated

subsidence areas in the Caofeidian new district, where the maxi-
mum subsidence velocity exceeded 50 mm=year [Fig. 6(a)]. Since
April 2019, there has been concentrated ground subsidence in
the Caofeidian new district, with a maximum cumulative sub-
sidence exceeding 50 mm [Fig. 7(d)]. By the end of May 2022,
the maximum cumulative subsidence in the Caofeidian new
district exceeded 150 mm [Fig. 7(h)]. Li and Li (2023) utilized
Sentinel-1A data from 2019 to 2021 to obtain the spatiotemporal
characteristics of ground deformation in the Caofeidian District.
It was observed that the middle regions of the Caofeidian District
exhibited a distinct blocklike subsidence distribution. Since
May 2020, there has been concentrated ground subsidence in
the Caofeidian new district. The maximum ground subsidence
velocity in the Caofeidian new district exceeded 50 mm=year dur-
ing the study period. The finding is consistent with the InSAR
results in this study, confirming the reliability of the deformation
analysis.

Geothermal Production and Water Reinjection Test

To explore the driving factors of deformation during the heating
seasons in Caofeidian new district, we referenced the results of co-
level water extraction and reinjection tests conducted approxi-
mately 1 km southwest of the Caofeidian new district (Dong et al.
2021). The two wells are about 250 m apart at the wellheads and
380 m apart at the bottoms, both extracting and recharging water
from the Guantao Formation at depths of 2,050 to 2,150 m.
Monitoring data on dynamic water levels and flow rates of the ex-
traction and reinjection wells were obtained for the heating season
in 2019-2020 [Figs. 10(a–c)]. Following the onset of the heating
season in November, there was a significant increase in the thermal
reservoir water extraction, leading to a rapid decline in the dynamic
water level and flow rate of the extraction well [Figs. 10(a and c)].
After the heat exchange process, groundwater reinjection was
carried out, causing the dynamic water level and flow rate of the
reinjection well to gradually rise in December [Figs. 10(b and c)].
The groundwater flow in the extraction well was replenished,
alleviating the declining trend of the dynamic water level in
December and maintaining relative stability [Fig. 10(a)]. After
continuous groundwater reinjection for a period, the dynamic
water level and flow rate in the thermal reservoir showed a slight
rise [Figs. 10(b and c)].

By February, the water extraction of the thermal reservoir was
further increased, but the reinjection volume was not promptly and
fully replenished into the thermal reservoir strata. It is likely due to

Fig. 9. Monthly average precipitation in Caofeidian District between
2018 and 2022. (Base map data source: Esri, ArcGIS Online; precipi-
tation data source: https://power.larc.nasa.gov/.)

Fig. 10. Dynamic water level in (a) water extraction well and (b) reinjection well during the heating season from 2019 to 2020; (c) flow rate in water
extraction well and reinjection well during the heating season from 2019 to 2020 (modified from Dong et al. 2021).
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a lag in reinjection, as well as the influence of factors such as physi-
cal blockage, clogging by organic compounds in the reinjection
water, and blockage caused by the heat source. As a result, there
was an increased discrepancy in flow rate between the water extrac-
tion and reinjection wells [Fig. 10(c)]. The consequence was a con-
tinuous decline in the dynamic water level of the extraction well
[Fig. 10(a)].

Implications for Geothermal Reservoir Management

Deformation Mechanisms of Concentrated Subsidence
Regions

The geothermal system is formed by the interaction of the under-
ground water system and geological structures (Bo et al. 2021;
Wang et al. 2013). During the development of geothermal reser-
voirs, changes in groundwater pressure and flow can trigger site
deformation (Geertsma 1957, 1966, 1973). Timely management
of concentrated subsidence ensures the sustainable development
of the reservoir. Based on the subsidence characteristics of the site
obtained through InSAR, the driving mechanisms of groundwater
system changes on subsidence can be investigated. It provides
categorized guidance for urban ground control and geothermal res-
ervoir management, facilitating rational development of geother-
mal fields.

The lithology in the Quaternary strata primarily comprises
clay and sand, being in a state of normal consolidation or under-
consolidation. In the hydrogeological context of Caofeidian
District, where the groundwater level is deep (>20 m) (Dong
et al. 2016), the thin weakly bound water film forms on the surface
of clay minerals in soil, and the drainage conditions in clay soil are
good (Yu et al. 2020b). It is also important to note that newly
developed urban areas have a strong demand for groundwater,
and the extraction of groundwater for daily life further accelerates
the consolidation subsidence process in the quaternary strata (Li and
Li 2023; Liu et al. 2003; Shen et al. 2014).

InSAR generated deformation time series for the subsidence
centers (Fig. 8), offering valuable historical data to analyze the pre-
dominant factors influencing regional subsidence under different
development patterns. Through comparative analysis of deforma-
tion characteristics during the heating seasons and rainy seasons,
the subsidence mechanisms of the Nanpu development zone and
Caofeidian new district can be summarized. During the heating
seasons, Nanpu development zone consistently maintained a sub-
sidence trend (Fig. 8). However, Caofeidian new district exhibited a
temporal deformation pattern characterized by rapid subsidence in
the initial stage (Stage I), followed by alternating uplift and sub-
sidence in subsequent stage (Stage II) (Fig. 11). Under similar cli-
matic conditions, strata properties, and urbanization development
patterns, the differences of the temporal deformation characteristics
in these two regions were likely influenced by fluctuations in

Fig. 11. Time series curves of cumulative deformation in the subsidence centers of the Nanpu development zone and Caofeidian new district during
the heating season: (a) November 2018 to April 2019; (b) November 2019 to April 2020; (c) November 2020 to April 2021; and (d) November 2021
to April 2022.
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dynamic water levels during water extraction and reinjection for
heat exchange.

Referring to the pumping and recharging tests near the
Caofeidian heating project (Fig. 10), following the onset of the
heating seasons in November, the rapid decline in the flow rate
of the extraction well [Fig. 10(c)] resulted in drainage consolidation
of the strata, corresponding to the rapid subsidence in Stage I of
Caofeidian new district (Fig. 11). Then the groundwater reinjection
was carried out, and the groundwater flow in the extraction well
was replenished [Fig. 10(a)]. At this point, the goal of achieving
equilibrium in co-layered extraction and recharging technology
was reached, ensuring the balance of the groundwater system in
thermal reservoir. The stable dynamic water level alleviated the
process of strata drainage consolidation, leading to the relief of sub-
sidence deformation in Caofeidian new district, approaching a
short-term stable state, corresponding to the end of Stage I and the
beginning of Stage II (Fig. 11). After continuous groundwater re-
injection for a period, the strata experienced replenishment
rebound. At this point, the temporal deformation in Caofeidian
new district even exhibited uplift, corresponding to the fluctuating
deformation in Stage II (Fig. 11).

By February, there was an increased discrepancy in flow rate
between water extraction and reinjection wells [Fig. 10(c)]. The
continuous decline in the dynamic water level of the extraction well
[Fig. 10(a)] initiated a new round of strata drainage consolidation.
The subsidence deformation in Caofeidian new district further
developed, corresponding to the end of Stage II, around April
(Fig. 11). At this point, the limitations of colayered extraction and
recharging technology became evident, as the disruption of the
balance in the groundwater flow within the thermal reservoir con-
tributed to the exacerbation of ground subsidence, restricting the
sustainable utilization prospects of geothermal resources.

The cumulative subsidence amount in Nanpu development zone
and Caofeidian new district for different months was statistically
analyzed (Fig. 12). Combining the subsidence characteristics dur-
ing the heating and rainy seasons, the subsidence mechanisms in
these two areas can be summarized. Nanpu development zone,
being an urban development area, currently lacks large-scale geo-
thermal development. In winter, Nanpu development zone experi-
enced a high demand for groundwater due to living needs, while
precipitation was limited (Fig. 9). Continuous extraction of ground-
water without natural replenishment led to sustained subsidence in
Nanpu development zone (Fig. 12). During the rainy seasons,

precipitation began to replenish groundwater, causing the strata
to rebound, reversing the subsidence trend in Nanpu development
zone and triggering uplift deformation (Fig. 12). Caofeidian new
district is a newly developed urban area and an important geother-
mal field development area. In the early stages of heating, the
demand for groundwater was high, and further extraction of
groundwater for geothermal development accelerated the sub-
sidence in Caofeidian new district (Fig. 12). The cumulative sub-
sidence amount in Caofeidian new district was clearly larger than
that in Nanpu development zone (Fig. 12). However, after the com-
pletion of geothermal exchange, artificial recharge of groundwater
in Caofeidian new district mitigated the subsidence trend and even
induced surface uplift. Therefore, during the heating season, Cao-
feidian new district exhibited alternating patterns of subsidence and
uplift deformation (Fig. 12). After the heating season ended, the
loss of groundwater due to geothermal development exacerbated
the subsidence trend in Caofeidian new district, and some forma-
tions underwent irreversible plastic deformation. Even with precipi-
tation replenishing groundwater during the rainy seasons, the
rebound of the strata took longer, showing a lag compared to Nanpu
development zone. Thus, the timing of uplift deformation in
Caofeidian new district was approximately one month later than
in Nanpu development zone (Fig. 12).

Environmental Effects and Potential Hazards
Associated with Geothermal Field Subsidence

Ground subsidence is widespread worldwide, particularly promi-
nent in newly-formed coastal areas. It often leads to extensive
affected areas and severe economic losses (Wade et al. 2018).
The serious consequences of ground subsidence encompass ground
elevation loss, urban flooding, and structural damage (Huang and
Jin 2018). Influenced by geothermal field development, Caofeidian
new district experienced severe ground subsidence, posing a great
threat to the economic and social development. Additionally, dis-
crepancies in water extraction and reinjection volumes during geo-
thermal field development would lead to the decline in dynamic
water levels, accompanied by induced ground subsidence, which
can trigger seawater intrusion (Gorelick and Zheng 2015; Loc
et al. 2021). It impacts the sustainable development of thermal res-
ervoir fluids, increases groundwater salinity, deteriorates the inland
hydrogeological environment, and triggers a series of adverse envi-
ronmental effects, including soil salinization. Salinization leads
to soil compaction and fertility decline, affecting microbial and
vegetation communities, further endangering the coastal ecosystem
(Wang et al. 2023, 2024).

Prospects and Limitations of InSAR for Geothermal
Reservoir Management

Sophisticated reservoir management is essential to avoid potential
geological hazards induced by subsidence. For the future prospects
of geothermal development in Caofeidian new district, it is essential
to expedite the establishment of an effective reservoir management
system taking advantage of on-site monitoring.

To circumvent the technological and financial challenges of
monitoring the internal temperature and pressure of geothermal
fluids, the focus can be shifted toward accurately capturing the
large-scale deformation characteristics of geothermal field sites.
Site deformation can serve as the initial displacement boundary
condition for the geothermal reservoir model, enabling the inversion
of internal fluid pressure (Geertsma et al. 1966; Geertsma 1973).
Furthermore, by integrating thermal-fluid coupling models, real-
time inversion of geothermal fluid temperature may be achievable

Fig. 12. Cumulative deformation in Nanpu development zone and
Caofeidian new district during different months.
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(Geertsma 1957). InSAR can provide high spatiotemporal density
of geothermal site deformation, albeit susceptible to decorrelation
factors (Tizzani et al. 2007). Therefore, it is necessary to comple-
ment InSAR with ground-based measurement techniques such as
leveling and GPS measurements to establish precise deformation
monitoring networks, addressing the accuracy limitation of SAR
images. Additionally, there is a need to enhance the monitoring of
dynamic water levels in extraction and reinjection wells, focusing
on real-time changes in groundwater flow. The variation in water
flow rates from geothermal production wells can assist in interpret-
ing the deformation characteristics of the site. These measures are
crucial for ground control and sustainable development of geother-
mal fields.

Conclusion

Geothermal energy is a breakthrough in the diversified develop-
ment of traditional oilfield energy. However, during geothermal
fluid extraction, changes in volume and pressure can lead to sub-
sidence in the geothermal field, impacting its sustainable develop-
ment, which needs to be controlled from a geothermal reservoir
management perspective. Identifying ground subsidence caused
by geothermal field development is crucial for the rational utiliza-
tion of geothermal resources. This study focused on Caofeidian
District, where Nanpu Oilfield is located, in North China. Using
SBAS-InSAR technology, the ground surface deformation charac-
teristics from October 2018 to May 2022 were inverted, identifying
two subsidence centers: Nanpu development zone and Caofeidian
new district. The maximum subsidence velocity in these two areas
exceeded 50 mm=year. Since 2018, geothermal projects have been
developed in the Caofeidian new district. There has been concen-
trated ground subsidence in the Caofeidian new district in April
2019, with a maximum cumulative subsidence exceeding 50 mm.
By the end of May 2022, the maximum cumulative subsidence in
the Caofeidian new district exceeded 150 mm.

As a note from reservoir management point of view, during the
heating seasons, Caofeidian new district exhibited a phased pattern
of rapid subsidence followed by uplift and alternating subsidence,
while Nanpu development zone consistently maintained a sub-
sidence trend. It was influenced by the fluctuations of flow rate in
thermal reservoir during the geothermal development process. In
November, there was a significant increase in water extraction for
heat exchange, leading to a decline in the dynamic water level of
the thermal reservoir. It resulted in drainage consolidation of the
strata, and Caofeidian new district exhibited rapid subsidence. In
April, there was discrepancy in flow rate between water extraction
and reinjection wells. The decline in the dynamic water level of the
thermal reservoir led to further drainage consolidation of the strata,
exacerbating the ground subsidence trend in Caofeidian new dis-
trict. During rainy seasons, despite water reinjection and ground-
water replenishment from precipitation, the strata in the Caofeidian
new district underwent irreversible plastic deformation, with a slow
rebound process, lagging behind Nanpu development zone by one
month. This paper revealed the subsidence mechanisms in the
emerging coastal oilfield geothermal development zone and dis-
cussed the potential impacts of ground subsidence on the geologi-
cal environment. In the future, it is imperative to further establish a
sophisticated geothermal reservoir management system comprised
of precise deformation monitoring networks, integrated with engi-
neering geological and hydrogeological work, contributing to the
prevention of geological and environmental disasters in geothermal
fields.
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