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Abstract: To address the key problems in the application of intelligent technology in geothermal development, smart application
scenarios for geothermal development are constructed. The research status and existing challenges of intelligent technology in each
scenario are analyzed, and the construction scheme of smart geothermal field system is proposed. The smart geothermal field is an
organic integration of geothermal development engineering and advanced technologies such as the artificial intelligence. At present, the
technology of smart geothermal field is still in the exploratory stage. It has been tested for application in scenarios such as intelligent
characterization of geothermal reservoirs, dynamic intelligent simulation of geothermal reservoirs, intelligent optimization of
development schemes and smart management of geothermal development. However, it still faces many problems, including the high
computational cost, difficult real-time response, multiple solutions and strong model dependence, difficult real-time optimization of
dynamic multi-constraints, and deep integration of multi-source data. The construction scheme of smart geothermal field system is
proposed, which consists of modules including the full database, intelligent characterization, intelligent simulation and intelligent
optimization control. The connection between modules is established through the data transmission and the model interaction. In the next
stage, it is necessary to focus on the basic theories and key technologies in each module of the smart geothermal field system, to
accelerate the lifecycle intelligent transformation of the geothermal development and utilization, and to promote the intelligent, stable,

long-term, optimal and safe production of geothermal resources.
Key words: smart geothermal field; intelligent development of geothermal reservoirs; application scenario; intelligent characterization;

intelligent simulation; intelligent optimization control; smart management

E1N:E s , , - [J1. , 2024, 51(4): 899-909.
LI Gensheng, SONG Xianzhi, SHI Yu, et al. Current status and construction scheme of smart geothermal field technology[J].
Petroleum Exploration and Development, 2024, 51(4): 899-909.



900 - Vol. 51 No.4
[ 2] B 1 AR BN MR R

1.1 HAAEEBERIE

[3]

1.2 REHSEENE

1.3 AFLRHREEMN

[4]



2024 8 901

(3]

1.4 HAFLERETE

[10-11]

2.2 REDTERHE
2.2.1 H B4k E S W54 A SAEAE L

(el

[12-13]
[14]
2 [15] [16]
21 AR RERAE [17-18] [19] [20]
210 R FHEHRBRRSGERITERS &

i

Allo
DNN [24-25]

Zhao ¥ -

Li
9]

222 HLR -SRI S IMA by Tk

2.1.2 AT A AR R A B RUE ik -

[26-27]



902 - Vol. 51 No.4
/
[28] [29]
[40-41]
[30]
[42-441 jansen [®
Raissi (31 e 2018 Emerson [45-46]
PINNSs ““Big Loop””
Emerson ““Big Loop™”
Chuang D%
PINNSs
PINNSs
B-PINNs fPINNs
nPINNs
PPINNSs sPINNs
XPINNs
[33]
PINNs 47
RNN
RNN
GRU
[34]
- 2.3 AT A S RE ML
2.3.1 WA EE R WA EFF A EK
) (48]
223 RAEE A B M LG Tk [49-30]
[35]

[36] EnKF F7
[38-39]

EnKF EnKF



2024 8 903

[51-52]
4] 2.4 WHRFLXEEEE
SA PSO 2.4.1 % HIBEH e VLM AR - F K
[4] [53] [54]
SERCEL
DAS Sigma Wave
2.3.2 MW E R A B R A Ae AR [64]
[55] /
[65]
[56]
[66-67]
[57]
MOEA [68]
MOPSO RVEA
NSGA-II
[58-59]
[69]
[58-60]
[61]
LSTM B -
MLP 021 gp

[63] [61]

242 %30 %32 KEEFEEEES T E



904 - Vol. 51 No.4

[70]
[71]
[72]
[79]
[80]
[81]
(73] 632
Emerick U4 10.5%"1%
ES-MDA
[75]
CO,
[76]
[77]
3
3.1 REERAEgEREEIGHIPLE
2.4.3 WRAI L A A 4 B B RAERE K
[45]
ce »3[12]
®
[78]

3.2 AfEshSEREMETE IR



2024 8 905

[13]

3.3 AT AT REEMICE IR PR

3.5 BEHAHAZARRE

3.4 AT AEEEEE IR



906 - Vol. 51 No.4
®
- ©®
@

prmmmmmne I \ prmmmm e T ,‘

i TR e ! i T :

| | fei s }'—j B ’_{ — RS L

1 1 : VR ) & /N ) Bl_,l |

. s | | | i | R e WRRHAELN SRR |

i ;&%] HF&‘(E: *’Qﬁﬁlﬁﬁﬂﬁ E E H He PR AR i

| I ! ! i

: B R : e } -------------------------------------------- ‘

: R S e : o T

I:::::::::::::::_':_'_'_1_'_':_'_':_'_'___'_'___'_'___'_'__1______________ﬂ?; ______________________________________________________________ fij
g - E Lo VLI BUREAE B Sl |
itk AR L HUHE R 1 B REESES |

SE -
(1

SalES PRI

https://www.cnki.net

A E N e B B L T R )

L )

2 BEMREARFERGRSHERR

(2]

(3]

(4]

[C1/ . 33
(2023) (05 ).
,2023: 523-528.
ZHENG Yuanchao, SUN Weiwei, LIU Renhe. Progress and trend of
geothermal industry and utilization technology[C]//Natural Gas
Professional Committee of China Petroleum Society. Proceedings of
the 33rd National Natural Gas Academic Annual Conference (05).
Chengdu: Natural Gas Professional Committee of China Petroleum
Society, 2023: 523-528.
OSINDE N O, BYIRINGIRO J B, GICHANE M M, et al. Process
modelling of geothermal drilling system using digital twin for
real-time monitoring and control[J]. Designs, 2019, 3(3): 45.
s , , . GIS GOCAD

[J]. , 2023, 23(14):
5887-5902.
WANG Junzhao, LI Shengtao, YUE Dongdong, et al. Tree-dimensional
geological modeling of thermal reservoir of Shuangyao uplift
structural area in Tianjin based on GIS and GOCAD[J]. Science
Technology and Engineering, 2023, 23(14): 5887-5902.
AKIN S, KOK M V, URAZ I. Optimization of well placement
geothermal reservoirs using artificial intelligence[J]. Computers &
Geosciences, 2010, 36(6): 776-785.



2024 8

907

(5]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

XU F Q, SONG X Z, SONG G F, et al. Numerical studies on heat

extraction evaluation and multi-objective optimization of abandoned

oil well patterns in intermittent operation mode[J]. Energy, 2023, 269:

126777.

JANSEN J D, DOUMA S D, BROUWER D R, et al. Closed-loop
reservoir management[R]. SPE 119098-MS, 2009.

ALLO F, COULON J P, FORMENTO J L, et al. Characterization of a
carbonate geothermal reservoir using rock-physics-guided deep
neural networks[J]. The Leading Edge, 2021, 40(10): 751-758.
ZHAO L X, ZOU C F, CHEN Y Y, et al. Fluid and lithofacies
prediction based on integration of well-log data and seismic
inversion: A machine-learning approach[J]. Geophysics, 2021, 86(4):
M151-M165.

LI Y Y, ALI G REHMAN AKBAR A. Advances in geothermal
energy prospectivity mapping research based on machine learning in
the age of big data[J].
Assessments, 2023, 60: 103550.

LIU G, ZHOU B J, LIAO S M. Inverting methods for thermal

Sustainable Energy Technologies and

reservoir evaluation of enhanced geothermal system[J]. Renewable
and Sustainable Energy Reviews, 2018, 82(Part 1): 471-476.

DURU O O, HORNE R N. Joint inversion of temperature and
pressure measurements for estimation of permeability and porosity
fields[R]. SPE 134290-MS, 2010.

SALIMZADEH S, PALUSZNY A, NICK H M, et al. A three-dimensional
coupled thermo-hydro-mechanical model for deformable fractured
geothermal systems[J]. Geothermics, 2018, 71: 212-224.

SONG G F, SONG X Z, XU F Q, et al. Contributions of thermo-
poroelastic and chemical effects to the production of enhanced
geothermal system based on thermo-hydro-mechanical-chemical
modeling[J]. Journal of Cleaner Production, 2022, 377: 134471.

FU P C, HAO Y, WALSH S D C, et al. Thermal drawdown-induced
flow channeling Rock
Mechanics and Rock Engineering, 2016, 49(3): 1001-1024.

KANG F C, L1 Y C, TANG C A, et al. Competition between cooling

in fractured geothermal reservoirs[J].

contraction and fluid overpressure on aperture evolution in a

geothermal system[J]. Renewable Energy, 2022, 186: 704-716.

SHI Y, CUI Q L, SONG X Z, et al. Thermal performance of the

aquifer thermal energy storage system considering vertical heat

losses through aquitards[J]. Renewable Energy, 2023, 207: 447-460.
[J1. , 2023, 43(6):

156-168.

SHI Yu, CUI Qiliang, YANG Zijiang, et al. Optimizing the thermal

energy storage performance of shallow aquifer based on gray

correlation analysis and multi-objective optimization[J]. Natural Gas

Industry, 2023, 43(6): 156-168.

PANDEY S N, VISHAL V. Sensitivity analysis of coupled processes

and parameters on

systems[J]. Scientific Reports, 2017, 7(1): 17057.

BAKR M, van OOSTROM N, SOMMER W. Efficiency of and

interference among multiple Aquifer Thermal

the performance of enhanced geothermal

Energy Storage
systems: A Dutch case study[J]. Renewable Energy, 2013, 60: 53-62.
s s , . CO,
[J]. , 2021, 41(11): 179-190.

[21]

[22]

[23]

[24]

(25]

(26]

(27]

(28]

[29]

[30]

(31]

[32]

(33]

SHI Yu, SONG Xianzhi, LI Gensheng, et al. Comparison of heat
extraction performance between CO, and water in a multilateral-well
geothermal system[J]. Natural Gas Industry, 2021, 41(11): 179-190.
XU F, SHI'Y, SONG X, et al. Experimental characterization of dam-
age during geothermal production of hot dry rocks:Comprehensive effects
of the damage-elastic deformation on conductivity evolution[J].En-
ergy, 2024, 294: 130871.

XU F, SHI 'Y, SONG X, et al. The characteristics and laws of fracture
damage in the long-term production process of high-temperature
geothermal resources[J]. Rock Mechanics and Rock Engineering,
2022, 56(1): 275-299.

JIJ Y, SONG X Z, LI S, et al. Study on the effect of fracture
morphology  on  fracture  deformation based on  the
thermal-hydraulic-chemical-deformation coupling model[J]. Energy,
2023, 282: 128628.

TAO J, WU Y, ELSWORTH D, et al. Coupled thermo-hydro-
mechanical-chemical
CO,-circulated geothermal reservoir[J]. Geofluids, 2019, 2019:
5210730.

RUHAAK W, HELDMANN C D, PEI L, et al. Thermo-hydro-

modeling of permeability evolution in a

mechanical-chemical coupled modeling of a geothermally used
fractured limestone[J]. International Journal of Rock Mechanics and
Mining Sciences, 2017, 100: 40-47.
CAI S Z, MAO Z P, WANG Z C, et al. Physics-informed neural
networks (PINNs) for fluid mechanics: A review[J]. Acta Mechanica
Sinica, 2021, 37(12): 1727-1738.

[J1. , 2021, 72(3): 1496-1503.
LU Zhibin, QU Jinghui, LIU Hua, et al. Surrogate modeling for
physical fields of heat transfer processes based on physics-informed
neural network[J]. CIESC Journal, 2021, 72(3): 1496-1503.
RAISSI M, PERDIKARIS P, KARNIADAKIS G E.
Physics-informed neural networks: A deep learning framework for
solving forward and inverse problems involving nonlinear partial
differential equations[J]. Journal of Computational Physics, 2019,
378: 686-707.
JABER A K, AL-JAWAD S N, ALHURAISHAWY A K. A review of
proxy modeling applications in numerical reservoir simulation[J].
Arabian Journal of Geosciences, 2019, 12(22): 701.
NOYE S, MULERO MARTINEZ R, CARNIELETTO L, et al. A
review of advanced ground source heat pump control: Artificial
intelligence for autonomous and adaptive control[J]. Renewable and
Sustainable Energy Reviews, 2022, 153: 111685.
RAISSI M, PERDIKARIS P, KARNIADAKIS G E. Machine
learning linear differential equations using Gaussian processes[J].
Journal of Computational Physics, 2017, 348: 683-693.
CHUANG P-Y, BARBA L A. Experience report of physics-informed
neural networks in fluid simulations: Pitfalls and frustration[R].
Austin, Texas: The 21% Python in Science Conference, 2022.
DEGEN D, CAVIEDES-VOULLIEME D, BUITER S, et al.

Perspectives of physics-based machine learning strategies for

geoscientific  applications governed by partial differential
equations[J]. Geoscientific Model Development, 2023, 16(24):
7375-7409.



908 Vol. 51 No.4

[34] QIN Z, JIANG A, FAULDER D, et al. Physics-guided deep learning [49] [D].
for prediction of energy production from geothermal reservoirs[J]. ( ), 2017.

Geothermics, 2024, 116: 102824. DUAN Yunxing. Numerical simulation of well pattern optimization

[35] MANTICA S, COMINELLI A, MANTICA G. Combining global and for hot dry rock geothermal resources exploitation[D]. Beijing:
local optimization techniques for automatic history matching China University of Geosciences (Beijing), 2017.
production and seismic data[J]. SPE Journal, 2002, 7(2): 123-130. [50] LIU G, WANG G, ZHAO Z, et al. A new well pattern of

[36] MASCHIO C, SCHIOZER D J. Bayesian history matching using cluster-layout for deep geothermal reservoirs: Case study from the
artificial neural network and Markov Chain Monte Carlo[J]. Journal Dezhou geothermal field, China[J]. Renewable Energy, 2020, 155:
of Petroleum Science and Engineering, 2014, 123: 62-71. 484-499.

[37] ZHANG Y F, OLIVER D S. History matching using the ensemble [51] POLLACK A, MUKERIJI T. Accounting for subsurface uncertainty in
Kalman filter with multiscale parameterization: A field case study[J]. enhanced geothermal systems to make more robust techno-economic
SPE Journal, 2010, 16(2): 307-317. decisions[J]. Applied Energy, 2019, 254: 113666.

[38] GOMEZ S, GOSSELIN O, BARKER J W. Gradient-based history [52] WILLEMS C J L, NICK H M, GOENSE T, et al. The impact of
matching with a global optimization method[J]. SPE Journal, 2001, reduction of doublet well spacing on the Net Present Value and the
6(2): 200-208. life time of fluvial Hot Sedimentary Aquifer doublets[J]. Geothermics,

[39] s s s EnKF [J1]. 2017, 68: 54-66.

, 2011, 32(3): 495-499. [53] CHEN M, TOMPSON A F B, MELLORS R J, et al. An efficient
YAN Xia, LI Yang, YAO Jun, et al. Automatic history matching of optimization of well placement and control for a geothermal prospect
reservoirs using the streamline-based EnKF method[J]. Acta Petrolei under geological uncertainty[J]. Applied Energy, 2015, 137: 352-363.
Sinica, 2011, 32(3): 495-499. [54] WANG J, ZHAO Z, LIU G, et al. A robust optimization approach of
[40] s s , . [J]. well placement for doublet in heterogeneous geothermal reservoirs
, 2016, 34(18): 236-245. using random forest technique and genetic algorithm[J]. Energy,

WANG Mingchuan, DUAN Taizhong, SUN Hongjun, et al. Research 2022, 254 (part C): 124427.
progress in reservoir automatic history matching[J]. Science & [55] SONG G F, SONG X Z, LI G S, et al. An integrated multi-objective
Technology Review, 2016, 34(18): 236-245. optimization method to improve the performance of multilateral-well

[41] CHEN Y, OLIVER D S. Ensemble-based closed-loop optimization geothermal system[J]. Renewable Energy, 2021, 172: 1233-1249.
applied to Brugge field[J]. SPE Reservoir Evaluation & Engineering, [56] YANG R, WANG Y, SONG G, et al. Fracturing and thermal
2010, 13(1): 56-71. extraction optimization methods in enhanced geothermal systems[J].

[42] LEE K, JEONG H, JUNG S, et al. Improvement of ensemble Advances in Geo-Energy Research, 2023, 9: 136-140.
smoother with clustered covariance for channelized reservoirs[J]. [57] EGS [D].
Energy Exploration & Exploitation, 2013, 31(5): 713-726. ( ), 2023.

[43] COSTA L A N, MASCHIO C, JOSE SCHIOZER D. Application of SONG Guofeng. Multi-physics coupling mechanism and production
artificial neural networks in a history matching process[J]. Journal of optimization for the heat extraction from enhanced geothermal
Petroleum Science and Engineering, 2014, 123: 30-45. system of hot dry rock[D]. Beijing: China University of Petroleum

[44] NASRALLA R A, DAOUD A M, FATTAH K A, et al. Fast and (Beijing), 2023.
efficient sensitivity calculation using adjoint method for three-phase [58] XU F, SONG X, LI S, et al. A multi-objective optimization and
field-scale history matching[J]. Journal of Petroleum Science and multi-attribute decision-making analysis for technical-thermodynamic-
Engineering, 2011, 77(3/4): 338-350. economic evaluation considering the rock damage on production

[45] s . : 1. performance of hot dry rock geothermal resources[J]. Applied

, 2022, 43(10): 1450-1461. Thermal Engineering, 2024, 241: 122350.
LIU Wenling, HAN Dakuang. Digital twin system of oil and gas [59] SAMIN M Y, FARAMARZI A, JEFFERSON 1, et al. A hybrid
reservoirs: A new direction for smart oil and gas field construction[J]. optimization approach to improve long-term performance of
Acta Petrolei Sinica, 2022, 43(10): 1450-1461. enhanced geothermal system (EGS) reservoirs[J]. Renewable Energy,

[46] DUEY R. Closing the loop[EB/OL]. (2017-08-01)[2024-05-10]. 2019, 134: 379-389.
https://www.hartenergy.com/exclusives/closing-loop-176611. [60] ZHANG X, HUANG Z, LEI Q H, et al. Improving heat extraction

[47] performance of enhanced geothermal systems: Insights from critical

[D]. : ,2023. fracture network parameter and multi-objective optimization
LIANG Xu. Research and application of micro-seismicity-constraint method[J]. Applied Thermal Engineering, 2022, 213: 118671.
tracer test data inversion methodology system for hydraulically [61] s s s
enhanced fracture network characterization in the hot dry rock[D]. [1]. ,2022,40(20): 93-100.
Changchun: Jilin University, 2023. WANG Jiacheng, CHEN Jinfan, ZHAO Zhihong, et al. Optimizing
[48] KAMILA Z, KAYA E, ZARROUK S J. Reinjection in geothermal development parameters of geothermal energy using machine

fields: An updated worldwide review 2020[J]. Geothermics, 2021, 89:

101970.

learning technique[J]. Science & Technology Review, 2022, 40(20):
93-100.



2024 8

909

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[D].
( ), 2020.

SHI Yu. Study on mechanism and parameters of geothermal

exploitation using multilateral wells with CO, as working fluid[D].

Beijing: China University of Petroleum (Beijing), 2020.
» s . BP
[J1. ,2022,41(11): 5761-5770.
LI Shuai, LIU Mingyan, MA Yongli. Prediction of scaling location of

fluid in geothermal well based on BP artificial neural network[J].

Chemical Industry and Engineering Progress, 2022, 41(11):
5761-5770.
SERCEL. Sercel launches its first DAS seismic solution,

SigmaWave[EB/OL]. (2019-03-20)[2024-05-20]. https://www.sercel.
com/en/news/sercel-launches-its-first-das-seismic-solution-sigmawave.
[J1. , 2022, 44(10): 1682-1693.

ZHANG lJixiong, WANG Jiyang, ZHOU Nan, et al. Collaborative
mining system of geothermal energy and coal resources in deep
mines[J]. Chinese Journal of Engineering, 2022, 44(10): 1682-1693.

[J1. , 2006, 34(5): 4-9.
LIU Xiushan, HOU Xutian, TU Yulin, et al. Development of
electromagnetic measurement while drilling[J]. Petroleum Drilling
Techniques, 2006, 34(5): 4-9.
[71. ,2018,39(12): 160-170.
JIA Mengzhi, GENG Yanfeng, YAN Hongliang, et al. Review of
high-speed mud pulse telemetry technology[J]. Chinese Journal of
Scientific Instrument, 2018, 39(12): 160-170.

[J1. , 2021, 27(1): 40-51.
XIN Lei, LIU Xinxing, ZHANG Bin. Land surface temperature
retrieval and geothermal resources prediction by remote sensing
image: A case study in the Shijiazhuang area, Hebei Province[J].
Journal of Geomechanics, 2021, 27(1): 40-51.
REN Y Q, KONG Y L, PANG Z H, et al. A comprehensive review of
tracer tests in enhanced geothermal systems[J]. Renewable and
Sustainable Energy Reviews, 2023, 182: 113393.
[11.

,2022(3): 112-113.
YIN Yanan. Exploration of the application of big data in intelligent
oilfield[J]. Network Security Technology & Application, 2022(3):
112-113.

. (

), 2020, 44(4): 28-38.
ZHANG Kai, ZHAO Xinggang, ZHANG Liming, et al. Current
status and prospect for the research and application of big data and
intelligent optimization methods in oilfield development[J]. Journal
of China University of Petroleum (Edition of Natural Science), 2020,
44(4): 28-38.

s s . [J1.
,2019(3): 63-66.

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

(81]

[82]

=S
ERE 73
)

HEPN
i
&

HAN Shuting, CAO Yuqin, WANG Bingguo. Big data application in
intelligent oilfield[J]. Information Technology & Standardization,
2019(3): 63-66.

, . [7]. ,
2012, 27(7): 747-757.
MA Jianwen, QIN Sixian. Recent advances and development of data
assimilation algorithms[J]. Advances in Earth Science, 2012, 27(7):
747-757.
EMERICK A A, REYNOLDS A C. Ensemble smoother with multiple
data assimilation[J]. Computers & Geosciences, 2013, 55: 3-15.

.CCUS CO, [D].

,2022.
YANG Zhaofa. Research on CO, leakage monitoring and its data
fusion algorithm in CCUS storage environment[D]. Huainan: Anhui
University of Science and Technology, 2022.
YUAN Q Q, SHEN H F, LI T W, et al. Deep learning in
environmental remote sensing: Achievements and challenges[J].
Remote Sensing of Environment, 2020, 241: 111716.
[D].
,2023.

ZHAN Chuanjun. Identification of aquifer facies structures
integrating data fusion and deep learning[D]. Changchun: Jilin
University, 2023.

> . (LCA)

[J1. ,2022, 18(1): 31-38.

SUN Shangfei, ZOU Lele.

environmental impact of geothermal power generation based on life

Comparative research on the
cycle assessment[J]. Science & Technology for Development, 2022,
18(1): 31-38.

[J1. ,2021,49(11): 79-83.
FEN Shuo, ZHANG Yiyao, LI Jin, et al. Remote wireless intelligent
water injection technology and its application in Bohai Oilfield[J].
China Petroleum Machinery, 2021, 49(11): 79-83.
MA H Y, YU C G DONG L L, et al. Review of intelligent well
technology[J]. Petroleum, 2020, 6(3): 226-233.
KOROVIN I S, TKACHENKO M G. Intelligent oilfield model[J].
Procedia Computer Science, 2016, 101: 300-303.
HUANG Z, L1Y, PENG Y, et al. Study of the intelligent completion
system for Liaohe Oil Field[J]. Procedia Engineering, 2011, 15:
739-746.

E—1EHE N SMRE (1961-), B, #BEA, HHE, PEIEK
, NESEKMNASTAEZRAEER. WAAIFRELEHERT B
FhHIFR AR, ik ARTEFRAFHK 18T, YEEHRF (4
B TARFE, 9 %A 102249, E-mail: ligs@cup.edu.cn

BRARMEEEN: Ries (1982-), F, ZRIIEREA, L, TES
F (T K, AFSHEAGALTHEREHR, HAAIF
SHARFmOARFEHR A, Wik kT TS FRAE% 185, b

mRF () B IELFR, RE%HAD: 102249. E-mail:

songxz@cup.edu.cn

WS BEA: 2024-03-20  f&EIHHEA: 2024-06-18

PURIA



