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Numerical simulation analysis of thermal equilibrium law of complementary aquifer thermal
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Abstract: Aquifer thermal energy storage technology is an emerging and viable multi—energy complementary solution, with its core principle
being the storage of highly variable renewable energy sources (such as solar and wind energy) in underground aquifers in thermal form,
enabling stable extraction and utilization when needed to achieve multi—energy complementary storage based on geothermal reservoirs. The
thermal equilibrium distance is a key parameter for determining the well spacing in this system, representing the minimum distance required
for the temperature fluctuation amplitude of injected fluids to reduce to an acceptable range while flowing through the aquifer under specific
operating conditions. To reveal the influencing mechanisms of thermal equilibrium distance, a three—dimensional aquifer model
incorporating thermo—hydraulic coupling was constructed. The study focused on analyzing the impact of operational parameters (injection
temperature and injection rate), formation properties (permeability and porosity), and rock thermophysical properties (volumetric heat
capacity and thermal conductivity) on thermal equilibrium distance. Multivariate linear regression analysis was employed to rank the
sensitivity of each parameter and identify the primary influencing factors. The results indicate that thermal equilibrium distance is positively
correlated with injection temperature, injection rate, permeability, and rock thermal conductivity, while negatively correlated with porosity
and volumetric heat capacity. The three dominant factors influencing thermal equilibrium distance are permeability, injection rate, and
injection temperature, with their sensitivity ranking as permeability > injection rate > injection temperature. Notably, operational parameters

account for a relatively high proportion among the dominant factors, suggesting that optimizing injection—production strategies and wellfield
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layouts can effectively enhance the thermal storage efficiency and economic viability of the system. These findings provide quantitative basis

for well placement and operational strategies in "geothermal+ " multi—energy complementary systems, offering technical support for

renewable energy utilization.

Keywords: aquifer energy storage; thermal equilibrium distance; multi energy complementary system; Tthermo—hydraulic coupling;

sensitivity analysis
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Fig. 1 Schematic diagram of "Geothermal +" multi energy complementary system
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Fig. 2 Three—dimensional reservoir model
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Fig. 6 The influence of formation properties on TED
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Table 4 Analysis of the influence of different factors on thr temperature of production well and TED
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Table 5 Summary table of regression results for single—factor model
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Fig. 8 The influence and confidence interval of different factors

on the equilibrium distance



10 AT, 4 K2 EAME AR GE 0 A U R E AL B

XXXX4F
FXXE XX

AR SO T AR AU 5 G R 7 BUIE AL 45 R T I
S K SR MRS T A B KR AT B A 3 AL
pKE S PO ISES - AR RS E w4 c A EIE R v T 4 4
TRIRIZHO TED B2 . FEEERAT

DB T Hb 55 7K 2 T 52 B Bl Al P A= BE I Y 4
REAFfilf S e it T A TR A9 TS B sl 7 25 K= Y
T 32 Z2 TN ZFEN , B2 1 PP B BE B4 A% AN B AT
T oA R L

238 5 Z2 G853 A AN () 2 00k AP A 1 B A 520 1]
B 7SR ERGRE ERGE R B ER K
A IR RO S TGP B S SR AR ARG, LB AL
PRAR LA S PR R 8 12 SRR G

3) 3T SO WAL B 0] AR R A X
IBIFSE , B 3E 25 5 O BB BE RS 1M /N R B B R
> HCHR ST WO B> A A IR LRSS A 0 e AR H>
fLEBUE

2 & Xk

[1] LIYB,SUNYT,LIU]J C, et al. A data driven robust optimization
model for scheduling near-zero carbon emission power plant
considering the wind power output uncertainties and electricity—
carbon market[J]. Energy, 2023, 279: 128053.

21 XUET, B, AR, 55 B XA e L ) R AEL Bh

By KRS ARAL T7 2200 W8 1 R G P 5 L 2024, 52(19):
60-73.
LIU Ke, GU Xueping, BAI Yansong, et al. Online dynamic partition
restoration optimization method of a power system considering wind
power uncertainty[J]. Power System Protection and Control, 2024, 52
(19): 60-73.

(3] 2N, AR, o, &5 . IS AN E PRI AR 2SR

UEC H 00 A7 Ty 6 2 B3 [ 8 R AR AL L], oK B E 27 4z, 2024, 45(7):
303-311.
LI Peng, LI Linyuan, WANG Jiahao, et al. Active power and reactive
power cooperative robust optimization of active distribution network
considering wind power uncertainty and energy storage flexibility[J].
Acta Energiae Solaris Sinica, 2024, 45(7): 303-311.

[4]  BIOHE, JERA, BRI, 55 . )2 SR Z H T AR RAEOR 10 4 e 3
RS R MR, 2020, 27(1): 17-24.

HUANG Yonghui, PANG Zhonghe, CHENG Yuanzhi, et al. The
development and outlook of the deep aquifer thermal energy storage
(deep—ATES)[J]. Earth Science Frontiers, 2020, 27(1): 17-24.

[5]  HARRY M, DOMINIC O, DANIEL F, et al. A review of thermal

energy storage technologies for seasonal loops[J]. Energy, 2022,239,
122207.
MAHON H, O'CONNOR D, FRIEDRICH D, et al. A review of
thermal energy storage technologies for seasonal loops|J]. Energy,
2022, 239: 122207.

[6]  JElEh, BEALVL, S48 . KR T AT I 3 Y b L R R B

[11]

[12]

[14]

[15]

TF R THLIPEA ], H RS, 2024, 36(8): 42-49.

ZHOU Yukun, LUO Zujiang, GUO Hua. Development and utilization
planning evaluation of ground source heat pump system based on
heat balance principle[J]. Coal Geology of China, 2024, 36(8): 42-49.
Flgiin, B, sRA, 55 B TR AT R M T R 2 H e
TF A i R 2R AR 51 5 U DUMEZE 3T DGR A X R 1], M= A2k,
2024, 31(6): 158-172.

WANG Wanli, DUAN Yajuan, ZHANG Wei, et al. Control factors
and guidelines for urban—scale shallow geothermal energy
development based on control units: An example from Xiongan[J].
Earth Science Frontiers, 2024, 31(6): 158-172.

0, & T, BEOCLL, 55 TP IR)Z U BRI SR iE K5 0 K]
RBEBHIBTIEN]. BFHOR 5 AR, 2025, 25(15): 6332-6343.
HAN Zhaoxu, GAO Qian, HAN Yuanhong, et al. Numerical
simulation of heat transfer characteristics and influencing factors in
middle—deep U-shaped geothermal well[J]. Science Technology and
Engineering, 2025, 25(15): 6332-6343.

GREEN S, MCLENNAN J, PANJA P, et al. Geothermal battery
energy storage[J]. Renewable Energy, 2021, 164: 777-790.

BURNS E R, BERSHAW J, WILLIAMS C F, et al. Using saline or
brackish aquifers as reservoirs for thermal energy storage, with
example calculations for direct-use heating in the Portland Basin,
Oregon, USA[J]. Geothermics, 2020, 88: 101877.

BRI, AR T, TR, 45 . 22 32 FRPRAD A T Bt I FAC R K [ e
IS5 R AT 5 7R ] B2 5OR 5 TR, 2025, 25(11): 4438~
4447.

LI Haodong, ZHU Junyu, WANG Huli, et al. Analysis and insights of
the experiment results of geothermal tail water reinjection in
sandstone—type thermal storage at pengjiaping, LanzhoulJ]. Science
Technology and Engineering, 2025, 25(11): 4438-4447.

Ged, Bk, B, AL A I T KOG I Bl TR AR R
KR WEFT: LLEL s a1, Mk 52741, 2025, 68(6): 2262~
2275.

RAO Song, LUO Yang, ZHANG Ying, et al. Research on the
influencing factors of the heat accumulation effect of groundwater
convective activities in karst geothermal reservoir: An example from
Jizhong Depression[]J]. Chinese Journal of Geophysics, 2025, 68(6):
2262-2275.

W, HK T, A, 45 K262 Z R AN RGN R IEOR
BB M ], b TR R 2224 (A AR BESE AR, 2024, 41(5):
85-94.

YANG Jinpeng, ZHENG Yongxiang, WANG Wei, et al. Numerical
simulation analysis of thermal recovery effect of multi energy
complementary system in aquifer reservoirs|J]. Journal of Hebei
University of Engineering (Natural Science Edition), 2024, 41(5):
85-94.

PIAIRAE, XA 52, TREC, A5 PG BE BRI 0E i B RO i B2
[J]. ATz, 2024, 9(2): 260-281.

RUI Zhenhua, LIU Yueliang, ZHANG Zheng, et al. Research
progress and prospect of geothermal energy storage technology[J].
Petroleum Science Bulletin, 2024, 9(2): 260-281.

WANG Y N, ZHANG J Y, ZHAN H B. Analysis of the impact of
confining layers on aquifer thermal energy storage (ATES) systems

with a horizontal well doublet[J]. Journal of Hydrology, 2025, 662:



XXXX 4E
EXXE XX

KA T, 45 B K2 ELAME AR G 00 BT A R E AU B 11

[16]

[17]

[19]

[20]

[21]

133896.

A e, HERUET, #3052, 55 . b A Pt BARE X ISR I I
AR AL HE 5 W LA AP B RE T [0 Hb B 4, 2025, 99(2):
568-587.

LI Jialong, KANG Fengxin, YANG Yabin, et al. Temperature field
evolution rule, response mechanism and recovery ability of a
production—reinjection doublet system in sandstone geothermal
reservoirs|J]. Acta Geologica Sinica, 2025, 99(2): 568-587.
OHAGEN M, KOCH M, SCHOLLIERS N, et al. Managing high
groundwater velocities in aquifer thermal energy storage systems: A
three—well conceptual model[J]. Energies, 2025, 18(16): 4308.
WK, R A, RAB D, 55 R & K 2 A FA R SR B AU BT
FEN1. HER2F412, 2023, 44(1): 239-247.

HUANG Yonghui, YANG Junsheng, ZHU Chuanqing, et al.
Numerical modeling of the high—temperature thermal energy storage
system in deep aquifers[J]. Acta Geoscientica Sinica, 2023, 44(1):
239-247.

ZEGHICI R M, OUDE ESSINK G H P, HARTOG N, et al. Integrated
assessment of variable density — viscosity groundwater flow for a high
temperature mono-well aquifer thermal energy storage (HT-ATES)
system in a geothermal reservoir[J]. Geothermics, 2015, 55: 58-68.
SHELDON H A, WILKINS A, GREEN C P. Recovery efficiency in
high—temperature aquifer thermal systems|[J].
Geothermics, 2021, 96: 102173.

COLLIGNON M, KLEMETSDAL @ S, M@YNER O, et al. Evaluating

energy storage

thermal losses and storage capacity in high—temperature aquifer
thermal energy storage (HT—-ATES) systems with well operating
limits: Insights from a study—case in the Greater Geneva Basin,

Switzerland[J]. Geothermics, 2020, 85: 101773.

[22]

[23]

[24]

[25]

[26]

[27]

LI GS,JIJY, SONG X Z, et al. Research advances in multi—field
coupling model for geothermal reservoir heat extraction[J]. Energy
Reviews, 2022, 1(2): 100009.

ZHOU D, TATOMIR A, GAO H H, et al. Analysis of high—
temperature aquifer thermal energy storage system performances with
heterogeneous permeability distribution, insights from a case study in
Burgwedel, Germany[J]. Journal of Energy Storage, 2025, 120:
116467.

AN L, HKE R, S R OB E BT T T
L. BRI, 2024, 51(S1): 392-397.

SU Xiaofei, YANG Zhongyan, DONG Lufei, et al. Drilling technology
optimization and application for geothermal directional wells in
Tianjin[J]. Drilling Engineering, 2024, 51(S1): 392-397.

WL AT, MREW], 45 T RIS H /)2 b I O I £
SR BETT5 SR A T AR, 2022, 49(6): 162-168.

YANG Zhongyan, REN Hongfei, LIN Shengming, et al. Geothermal
exploration well structure design and drilling for two geothermal
reservoirs|J]. Drilling Engineering, 2022, 49(6): 162—168.

BAENT, T FART % . Pl (< A T 2% P
ST BRI, 2023, 38(2): 551-561.

LI Yanhe, WAN Zhijun, YU Zhenzi, et al. Analysis of geothermal
geological conditions and its genesis in Pingdingshan mining arealJ].
Progress in Geophysics, 2023, 38(2): 551-561.

AT T X )2 il A S 323 BT (D). MR =S R S T AR
4%, 2019, 15(2): 543-548, 588.

LIN Naishan. In-situ observation of the stratum temperature in
Ningbo arealJ].
Engineering, 2019, 15(2): 543-5438, 588.

Chinese Journal of Underground Space and

(thit M)



