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Abstract

With the growth of global demand for renewable energy, geothermal energy, as a
stable and efficient clean energy source, its development and utilization are crucial for
alleviating the energy crisis and environmental problems. The law of heat and mass
transfer in geothermal reservoirs and fracturing modification are the core issues for
improving the exploitation efficiency of low-permeability reservoirs. However, existing
studies still have deficiencies in the multi-field coupling mechanism of reservoirs,
optimization of fracturing parameters and engineering applications. This paper takes
the rock mass of geothermal reservoirs as the research object. Through theoretical
analysis, numerical simulation and engineering case verification, it systematically
explores the law of heat and mass transfer and the optimization strategy of fracturing
and modification in fissure-porous medium reservoirs. A multi-field coupling model
was constructed based on COMSOL Multiphysics to analyze the evolution of physical
and mechanical properties of rock mass at high temperatures, reveal the influence
mechanism of fracture parameters, working medium characteristics and well pattern
layout on heat recovery performance, and optimize the development plan in
combination with the geological characteristics of the Beidagang oil area. The research
results are as follows:

(1) By fitting a large amount of data, the changes in the mechanical properties and
thermal characteristics of granite at high temperatures were studied. The research found
that under high-temperature conditions, the tensile strength and the modulus of
elasticity in granite progressively declined in a nonlinear manner as thermal conditions
intensified., and the Poisson's ratio increased sharply above 600°C. The coefficient of
thermal expansion undergoes a significant mutation near the quartz phase transition
temperature (573°C), and the specific heat capacity and thermal conductivity show an
increasing trend to varying degrees with the rise in temperature, providing basic
parameters for the thermodynamic behavior analysis of the reservoir.

(2) The thermal flux coupling model of fractured - porous medium reservoirs was
constructed through COMSOL Multiphysics. The simulation results show that: The
geometric shape of fractures significantly affects the seepage heat transfer efficiency.
Asymmetric distribution is prone to form dominant flow channels, accelerating the
rapid migration of low-temperature fluids along the fractures and causing the "thermal

short-circuit effect". It improves the heat recovery efficiency in the short term, but

II



aggravates the non-uniform cooling of the reservoir in the long term. The cold front
expansion in the matrix area shows a "fan-shaped" lag feature, highlighting the heat
transfer limitations in the low-permeability area.

(3) Based on the thermal-flow coupling model of fracture-porous medium
reservoirs, the optimization analysis of mining parameters was carried out. It was found
that there was a critical threshold (6) for the number of fractures. After exceeding it, the
thermal efficiency decreased due to the overlapping paths of fluids. Although the
increase in fracture width accelerates fluid flow, it shortens the heat exchange time.
Narrow fractures (such as 0.002m) are more suitable for long-term mining. Due to its
high specific heat capacity and moderate flow rate, the synergistic effect of heat
conduction and convection of water is superior to that of CO2. An injection temperature
of 308K can balance the thermal extraction rate and system stability. A well spacing of
300 meters can balance the delay of thermal breakthrough and the control of heat loss.

(4) Taking a geothermal field in an oil area as an example, the engineering
applicability of the optimization scheme is verified. Six well pattern models were
constructed. By comparing different well pattern layouts, it was found that one
production well and two injection Wells, and the hydraulic fracturing scheme formed a
stable convective circulation through the double injection Wells. The decline rate of the
overall heat recovery characteristics was significantly slowed down. It performed the
best in delaying the temperature drop and improving the heat replenishment efficiency.
Relying on the transformation of the existing well pattern to reduce costs, the
comprehensive benefits were the best. Become the optimal solution to adapt to the
current situation of "strong mining and weak recharge" in the region.

This paper has figure 26, table 3 and 80 references.

Keywords: geothermal reservoir; thermohydraulic transfer; fracturing stimulation;

multi-physics coupling; fracture seepage; parameter optimization
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2 Physical and Mechanical Properties of Typical
Geothermal Reservoir Rock Masses
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Figure 2-4 Normalization graph of the relationship between the cohesion of granite and
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Figure 2-6 Normalization graph of the relationship between the thermal expansion coefficient of
granite and temperature
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Figure 2-7 Normalization graph of the relationship between the specific heat capacity of granite
and temperature
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Figure 2-8 Normalization graph of the relationship between the thermal conductivity of granite
and temperature

2.3 AE /g5 (Summary of This Chapter)

A FE T T LA R S R 3 M B R T A, B LA SR AR
KAV IESHEA A, B TIRE - PSRk, 2aEr
TR A AEA R 261 T R 1Rl S AR MR A, d I B S R SR A )
PES I MO, Dyt A J2 1 SOT R I BUE AR S TR SR BEE | R
fihe BARLERUIT

R ERE AR ) S RE R R

(1) BrhisRfE S IR E: ERE NP R 58 R ERIRE T m 23R4
PERIEES . 600°CLLA T, Hrhish T FRE RS Hid 600°Cla, #IRIEE R
FIAR, AARIBERIG I

(2) WEfatl: £ 25°CE 600°CYE I N TE K & THFA LLIE Bk, #id 600°C
Ja A SRS &, RA LSRN, A R SR AR T e 13 5

(3) WIERSRIE S EEEA . 0 B N SR B I B T s RR R RIS, T BE
AR R G 2 R R IA —, BARZIR WU, WosE A N EEBRHE A
X FRIE o

T IR BER B AR TR R s2 e
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FHAZ AT AL W il A IR 3 2 EUAK R AcbRad B0, AR R IR 80 AR A K 2
BOunE R, Bk ISy JE s MARZIERAE.
(2) HWHAEMSHRE: RS AR S AR BOIBEIR T = K
Yo PR AR IR L AT 5 NS A 22 5, A A IARE 7T B IR T v T i 5
TRAERII KRN IR A A R R T .
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3 WR-ZANMEERARERAES

3 Analysis of Heat and Mass Transfer Laws in Fissure-
Porous Medium Reservoirs

TEXGH R B K2 R A RE It R 45 R, SR 2R A A 5], HZE
() #2045 LU B, WO B T3 A 5 7K 2 B s A% AR Ry R DS — 3
HIBR 2R, TR AIAME BRI &, AT SLAT 5 s ik 2= h A A% % iz 2l
MR BN RIS SR . AR EESDN T, Ba e SRk
SR FMTR R 8 22 21 a0 b Bt ) R G I e, AL BN
IKFVRFPEA AR IR B . SRR TR, L AT AR

ST Lg%, RA COMSOL Multiphysics 4 PR IGH A4 G I BE -5 4
EHERE, RAWAREE S5 M AT R B H A 5 A Ak TR .
WL B 2 AL A AR S IE PR AR B, Al BRI GG R iR 5
T A AR RN Horb, 22 fLA AR AR BB TR BOP Bk R A A 3
JRS AR RIS RIS H,  HERAZ S AR LR S5 Bufe 3 5 R 2
IR VG AR ME S 2B R K AR L S SR RS IE . I8
RO R SRR, R 3h A S Wi A AR I 2 B S e iR AR A, B
SB % A s R BRI o AT TR AR SR, H AR T XU A
AR s 2 B AR S Is R FAE

3.1 t&8449% (Model Construction)
3. 1.1 RARIK

IR 2T RO R 2 B R R 2%, A )2 2 B O 3 R
SRR 18] G 3 5 BHREE O 1 FER T AN AR O, AR SOxS
AAERR AT 1 DU SEA B i

o I RRR R R A AR A A 2 RN R A% 2 R O A A Y 5
A3 o T SRR A O HAT 2% ) [RIPE A 22 SLA o, e SR PR A SR A i 2
NSEAE . ZRRF I B T 3 2 i il .

T IAE R AE A PR TARSAR AN, i SRR AR g P R
WA T NEEA VR AN R . TR IR E v s, HaO fE s e AE A R R
Kb iR AR AE AL, BRI AR AR R IR AR S

= PRI AR MR NEARR R T 2, TARILAR S e A R i T R
ol Bt T AR S BLY , T24E h TARAR 5 5 A o 1) FASS i o Phupte 3
IS PEHAT, PR S E 0BG R S AT E e, YONRE —FH R .

DU R e i 5 R R B mh At sh BRI e SONIE PRI, (RO LR B N R
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HAZE B E JAIEE 50 .

Fiv BRI G E RN RN, BRI S FERE AR

7N~ FEFUE R R G AR AR /N
3.1.2 T 51E

(1) BIRTTE

ARSI AR P MRBERZANT (1. 2. 3), B E
AR E 5IATE E .

%(gpp) +V(puw) = Qm (-1

k
u——;Vp (3-2)

e,: HEFILIE:
k: FEBIER;
Qm: FUREIFIN G5 - R PRATH I 5
/w-ﬁ%ﬂFEﬁF(&%ﬁFﬁ%)
KRB TT R : R = BE BRI U, SR SR ROA T S HERAE L) .
Vr - (depu) = drQp (3-3)

K
u=-—_Vrp (3-4)

dp: BABRGEIE,
K: ZRERSIER CGEE ST EETE, K=dY12);
Ve VS BLIETE 0 U PO B T
Qe SRR R R - BRES HTD.
(2) 1T
SRR R BERAEAZILAR B 1. 2. 3), $ ki it A S48
A B A L A
(Pr), 56 + PGt Vr + 74 = Q+ @y + Qua + Qgeo (3-5)

q = _keffVTv (3-6)
(bey),, ¢ RIS GBI 8 BALFD:

@ﬁ:ﬁﬂ%ﬂﬁﬁ(@mﬁ%ﬁ\.ﬁ%
Qp: JE ST
Quaq: HMitEFEEUIIR
Qgeo: HiFA (EF#W?’\J%%W%]\)
ABRPALRIT IR RBUEN 5 i20E R R U, SR % DA AA i=d oo i
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NE, FHREF IR

—n-q =dsQs — dppCpu “Vr =V (dsqs) (3-6)
qs = _keffVT (3-7)
kerr = Opkp + (1 —6,)k (3-8)

dg: BT

Ve: VBRI ) B P T
Op: HFVIER L

kp: TV FHRERE

k: BRI AR

3.2 #EHRE (Geological Model)
3.2.1 A

BOE AL TR 1200m IRIRIE VORI, BT s R X1 J a5k AR
FT CHASCR BB RS R L7 LSS ) VR B i T B JE AT, 0 B AL T4
EER, KB 500m, FEEEREON Ime SHEXUFFR RGEHEATELL, EXT
FIPRIERES, W KBk R IR AN AR, PRI RETT IR E, R
FERTIT, HEBRIHTFR — M BA M v IREGARE 2 4 i 7Y A IR
AHGEDGMATDGAE 125m, BERTIAGEEE Dy 250m, 208 9 & J7 17 5 X
St KA 375 1R — B, B AR IR 3 B A, Ry T AR AR sl
1, RBIBS B ERE P IETE, B ORI R AS He . BETRRL An
K 3-1. KfEZdn v b By Y=, BRIERBAXE, Wk 3-1. 3-2
s, e A AN A B 2 S oh 2 D R S SR v o

T

B 3-1 il AR
Figure 3-1 Schematic diagram of the thermal storage model
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£ 3-1 HAETHIESH
Table 3-1 Parameters related to rock matrix

EERZ BER  JLRE i s SRAY fERAE

(cm?) (kg/m*) [W/(m'K)] [J/(kgK)]
LE 1x10710 0.1 1300 2 900
I 1x10°6 0.4 1900 3 850
TE 1x1077 0.3 2300 3.5 850

* 32 R HRAMHEKRSH
Table 3-2 Fractures and Fluid-related Parameters
SR AL 1 SR AL HE SR/ AL i
ZBRAH RS 1.6 R IR 0.0025 FHARH 3
E (m) [W/(m-K)]

322X SMEFN

BAMPITR RGOS R E N 10a, FEZKEE N 0.01a, #4201
WG 7 55 kAR BT

— WREDFFA: RSO, )06 T AR b sk B AT
wiE, HAKHN 0.03K/m. FKHILE AN 333K, ffZREREET] 366K, #EFEN
FEHEZKIRE A 288K, B ANEYIRA TG, AEA RIS Xl
FHMA B H Bt 2 o

.\ BRI AT R R E R RE R TR A R, BRSO R R
BTN [A] AR TR AT P i EE e AR . EASHEE TR E 20 ks,
AFEHFE ORI 7, IRENRAR A 2 A AR P2 R . BBty bR R
WEAE LS, bRl S HEGRN, BEE E B ARIE % LA S
Y. W JIRMEKIE 104, B JE R 46 1R A

3.2.3 & XI 4

FE— KRR SRR A R R, A KI5 B T B B
RE . LU PIRERAY, JUTgeit . S8k B K =40 4 55w 55 7 T 1k BH I k&l
g o ST B VY AL o3 S & SR AR LA CangepR. D MRSt s
BT R o B 2K 0 R FI RO BTG R ST 46.59m A, T35 i A K BBl X3,
B ERK, M8, M REGREmE/N, R8T BT EE; &/
IR 5.35m A4y, HTRER, RS REXIE, I SRERs) S5 hEsL
i, T T PR AL o AR T B 200N 12500 A, A% T RUEZ0 04 85000
Ao WK RIS DL 3-2.
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3-2 MK 4

Figure 3-2 Grid division diagram

3.3 HERILEER 547 (Analysis of Simulation Results)
3.3.1 BRGER T

K 3-3 AR Zfif = B A B, s 7 AR AT (24, 44, 6
o 8L 10 ) R AMTE AR WEFFRI L, JFEASF CEMIRH 5D
HEPH CHMRA R 2B T — 2 83 ISR ahiiE, HizEiEn
BEISATIN [ E IR BTG 5 . FARKFAE LR - DRSS IE TE AR [V E N 5 27
HELHAM, N4 XL F LB R AT 22, RYZR S 5
/0N, ZGHETBVE AR o VEN I 10 7 S 2 B S 1) 03 i, 2 R S IR R i X
S WREE NG RSB EKAIAE ] o BEISATIN 800, il XVE TR, (H 52 R0
BRI, IHOT AR A A L T 2 BOK B SR A, R
FERED, 2B RS XA B A s R A - KIWIEAT )5, R ki s
SHIX, Al e ST 7 R I R T SR s B AT o, XA 3-3 #EATIY
A AT ] UKL, =2 4EI, IRBEIEYIP R, (HIRIEBIR, JEAFFIHE
rLIE XV BN, AL LA MR T8 2 KR, 1A S XML BUR G ; t=4 4,
MHIE AR R E T, RBC RN, Fishve Bl A AT AR, A R R
HEACIZHITEW: =6 &, MPMEROEIEPNEE, LMRshedt— b,
FEMyEn ks, R MREXHRAI £ 2IER; t=8-10 %11, Jizhigiea T
Fasg, AMNEERERFSH 9, (AR, AT R IR i X m 4
I, I FUEE IR, GG A R o R R R AV B 5 S 2 Boih 281l
T LA, R WIIR L [X 45k 52 22 58 I 2% 5 S i X s RO R i A s
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Figure 3-3 Darcy velocity field streamline
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332 RERER ST

3-4 JBOR T AR IS AT IR 2 5. 4 4E. 6 . 8 HE X 10 AE TN [A]
R IR E A AT RAE . M EIRTEAS IR L, BEAE TR TR A RE G, IR XI5
RIS TE K I M AR P2 IR T Y R, X — IR R T i 2 R 2 )
PRI AR IE P E B R 0T 57 Hh B 7
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Figure 3-4 Changes in the temperature field of the thermal reservoir
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AT 2 4EBT, N FEBHE AR IR PR 2% 2B DR A, 2 P Ui
% 300K PAR, TR 2535 A Ed I ; 00 R AR bR, A A
JoE R PR T RS TR AR IR IR B AT R HEAE 330K LA B, RAZARIR
TR . HUIRTF K 4 EI, AERTEEEA = HZ 13 2K, HREE%RE
290K Z4RR1A)FE R X IR B P 2 310-315K, AL b 2B A, 2
BRI, SRR O BRI 1/3; A2 L IR 4E R 330K, ZEB ok
TR E I, AT 6 R, AR AT REBAHCE A 7= e i, A A B ik
NFER 310K LA EIVERY R ZLRR A1 TR FE R 2 300-305K, A HEESLR
HOE i HE T HERERE S, (EVEFEAZ PR i J2 TV 5 i i oK 52 24 B 78 o 1A 22 T AT R
FF 325K LA B, RMKBIERETPAAS A EAS . HIHTTR 8 4R, PR
PWIRFERR A 288K, RIRMR B BIE NI S A, RS 24
() 25 0 B g — D B & 295-300K, A m BN 5, (53228 BR 2 i RS BR 1l 7
OB R IR T ; B IR P 2 300K, A B 10m Yl AR B 315K BL L
AR SR X . AT RS 10 47, 2B 5 4RI B iR FE il 288K, 48 i fif
JZ 80%LA X3, AAEFEH R Sm Y Rl A B2z B 2R I TS B AR B 310-320K
T, RGEE R PR PR REPR N A B g B R POl HEE, T 2R 5
HA B DL R T S i, #2257 S I 0t Rl 1) = SR

3.4 KRE/ZE (Summary of This Chapter)

AFEETRE-BRYESHA, FIHE LK COMSOL Multiphysics 2 43
R AR A, AL T R MR RS, BALGAEE RN R, WE T
VETHER N A R 2E L RR, 20 3ol v B AR B Ak . B F g 2 280, d i COMSOL
Multiphysics #1412 FLA AL #4518 VG 52 FRPER 3% 1 B AH B (130 526 AFdk47 35
M EREH RGBT . 28 TRy . RESKEE, HEEmEN
SHZHL TR R G AL AL TR I shidt 17 40 i . 18 HBL R &g

— BHTEACFAE : N5 A 2 A B 2 AR R A B % 17
fRIAEL AN AR EEE SZBERET TREEE TR, RiEEE
XIS AT I (e KRR, 7R3 6 fFIMIEIAIEE . JEANHIE
JAFESPIR = X ) A R, (RS2 AR e AR BR B AR PR, BT MR T A
s AR F=IEIF DR e PRI X, KIS AT 5 R 7T iR is K S 805
HIRBNE )y b Tt o ALY A K M TR R AR AR ARE, R EKER BT ERKE
BRI AARIER o

T R EACRRIE . R B R R Y S B, (IR AT R R
A, AEER R R TS A R, AR R B A A e, R R 2
J R IHETE B A A . KIIEAT ), A7 B VG R P A TR R T3 i 2%
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AR N EHR X, SRS & XA AR AR N o RN SRR o XV B 28
T8, WA R DL B I R YR, T AR BN R TR A s A A
e

=\ BRAEPREE RN =6 Fi, AP IR TR 310K, LR
SEIEINEA BT, B IFE RARE, FELEZ IRt . BTl
BRI BRI AR RONL,  BERTH R IR AR, (I 2 AR 217 20,
IR 1) HE AR FAE R 6
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4 HWIR-ZINRIEETFRSRERULS

4 Optimization Analysis of Mining Parameters for
Fractured-Porous Medium Reservoirs

AW ORI T 2 B & I BUE R T B I B 28 4 SR EOT
KA, FIHE R COMSOL Multiphysics BL4UL 741 24 5 4% 17 H- it
TR NI b, REEHE L AR VT AN (8] BE 5T RS BN RN RE Y
Wi o A PR BEAR PPN SR bR, X5 B A RE R S B0 LK 28 G AR e s min gk
TP, IR LEERI SR IRAT A AR A B SR A 1 Al 2 iR B S B shaS R T, DA
A2 PP S AN AT S R SN B 2 T B P R, RS B REYR B TR AR SRR 4

Z4fES ¥ (Crack Parameter)
411 REHE

HT 2R I VR B S A A BOR RS, O3 T 0 i 2R 26 Bonhig A%
EIRE, (ERIIYELAN BN 2 5%, 4 5%, 6 2% 8 SRR, RGN 4-
1, DVEP R BN TE bRt BE T 70 A

.,

K 4-1 AFIZE DT I

Figure 4-1 Thermal storage models of different fracture schemes
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AT TR SR BORE AR P IR EE R, 15 BRI AR 288K VR N
TEE R E ML 10 ST RIEFE, oA A2 7= H IR R Bl 24 B 2% B T AL A
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Figure 4-2 Temperature variation of production Wells under different fracture schemes
LB 2R A I 2 DN A R R . BTN, 2 SR ARBRIN, 10 SRR R
29 303K; i 8 ZFZLIEIN, IEBEREZ 300K, X R IR BAECRI IR EY R T8
AR REEE, R R B4 o SRS a0 B i AR K, PSR
BT, 6 FRBATRAS] “ R RBRE L, 10 iR F 2L 296K,
BRI ARSI 2 0 A 2R BRI 2% T, e KA AR IGE R o (E 2B 3 B ey vl fE 3 5
MAEESRE S, Hr XY AR, RIS el sng i@ iE,
S R R X, FRRR OGRS PR RS . A, TN
ME TR RES| KR B, I AT A A
RIS = 1 RS ROEIE R, FERE I E], RN RKRA S
HAORIEARTA, nE R, SR TR SCE R H . ST, R A 2R
B AT AE T BRI, R, o AR B M 4 SRS A BT 7 G R, BT
e BUHZ A PUERE RS, UM a . e ICR S 6= 75 8] 55K
T
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4.1.2 HPRTEE

SLAEAE IR B 3 B IR I T, S44% 11 58 B B AN IR R SR 3 5
MR K o /NI B % 58 T 2 S B R4 R R A BSOS REE, e
RIEER A PEIIE NI L o BOR R EE 58 FE S AR sh B, TARERAS
K DX I BT 1) 25 0 A 7 20 (R IR A He, A P R BT R A R IR R
BRI EE R, AEP= RGBSR RTUS . N T R 5T AR T S IR, ISR YE T N
0.002m, A 0.002m FF4f, FKEL 0.0005m 1 EH R 2 4% 50 FE 121k, 534
AN FEAE IR L AR AL, & 4-3,

355[
|

3501

345+

K

L L L
0 1 2 3 5
i (@)

(a) AR LA —YEIR R

i3
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(b) %10 FAHEE K
4-3 NIRRT B R AL HR AR AL

Figure 4-3 Temperature variation of production Wells under different fracture widths

M 4-3 SR e UUE ), 4% 58 B AR AR 77 iR AR A AFAE R,
G TE AN KN AL 7 HHARL L N B o 20 M 2R 98 FEXHRUAAE A /2 Hh SIS 3 (3
Wi: BEAE 2GR T8 LGN, IRAAEROUR A R AR TR, JEE PR B AL
AN, EANGUAR R TE 70 B i J2 P8 R P IRIA A 7 . B, AR M
PR EE NG T o 10 78 LB R P AR, IUARE SRR P B I RV, 55 ) L
JiE AR ) AAZ R TE 7 o VEAN BURIR TR BENS 78 70 LGt 2 e, e A7 IR
FETRE, ARSI K.
42 FENRIKRSE (Injection Fluid Parameters)
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4.2.1 iR

TARSAR BT 22 PR OB I R 42 % PR WshE R R, 5
IR G IR RE . O T WS AR A AL IR AR, AT TR
FECT I 8 R rh 73 AL E CO2 FIACRIRAAA BT, #RFTAE 10 FFITTR
WA, AFERRAAR BT B R AE S, R 4-4 fos.

IKAERN TAR R BAT = LU A G IR B, LR 50 2 0 TR T8 o il
BEAAE R R AP IR AE 10 SE N SR T RS- 22, IXRWIKRE KN (8] 4E R
fil 2 NRE, FELRINRA . COx MEON LARURA, £l e o T AL I AR o
HHABREAL, HSRREE S TR, HRERIK, SR S5k, 44
IR 18], PR ERIEHE 7 Il 2 Ao B AR P R A A [
I T P AR 7K B B K, L U3 B R e, SR WSS A2 5 FA TR R R Y

HIR COr F ALy, (HIHLPLEFBNHI 55 1 IS, R & 32 T 1A
1 7K (RN i FE V3 AR S U [FIVE S, 3R TH RS HACR . 7KIE M 1B SR K]
FETERIRGE, 1 CO2 AT FE TR I BEAEL 75 NI it 2 74 AL XU o

..... | |
a2l

;;;;;

CO» N T KNTIR
(@) AR RS — A (R

CO» N TR IR LR

(b) %10 FFA IR E = K
K 4-4 AR TARRAE T A HR AL

Figure 4-4 Temperature variation of production Wells under different working fluids
4.2.2 BAFRE

AL VE A FHE AR IR L T A 0 2 S A R A R, EARR
Hb AR G 7 B BE o LR N IR FEE X A 7 UL PR S (R AT 7 v, B 288K
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KA SR, mIRRAENR, A= yiaREsos, B TR
B8 . R WG BN RARISE | )2 EFER A B T4ER R G A
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Figure 4-5 Temperature changes of production Wells at different injection temperatures

4.3 HIESH (Well Distance Parameter)

AP SR NFEZ IR TR BE G R G B RS, B e R R EE AR AR R,
73 MR AR DAAE N AN AE 7= (8] T A ROK TR R, Sim AR Tey2 S i 4 78 21 4R
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R, FEMBERAREE /N, B 5 KRG, SRR IRE T . B 200m.
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Figure 4-6 Temperature variation of production Wells under different well spacings
HIEEEDY 200m I, FEAFURIR AP BIE AL H, SEAE M HRE AR
ATRIARTERGE N B XA R AL BT Il ARG E LR, R 1R] K
R RIE RBAEZ X, B IR R K. H By 250m. 300m
I, WA, A7 HIRBE N BRI (Rl , A2 iR B 4ERF R = /KT
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FEA IR LR AR Bk, R T PR (A R, (H T PR R
SEMRIRE AL JRIIEE Y 350m i R IRIEE R, 6L N P id 2 RO el s s e . ]
e RN BE K A AR IR 1 A 5%, RIS A2 Ak 45 R DR B B i 1
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1) B S R ARSI 18] . Al SHRANME R IR R, SERPGE T
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4.4 ARE /N (Summary of This Chapter)

Az HT COMSOL Multiphysics 4 [NZELMR-Z FL0 i EHCRERL, RS
WL T RS AR E I BE SO0 BB R G = PR Re M s i AL, 3R A5 DA
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5 Optimal Design for Geothermal Field Exploitation in
a Certain Oil Area
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Figure 5-1 Design of different well pattern models
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Figure 5-2 Comparison of heat recovery performance of production well in Scheme 1-3
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Figure 5-3 Comparison of heat recovery performance of production well in Scheme 4-6
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Figure 5-5 Comparison of heat recovery performance of production well in Schemes 2 and 5
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Figure 5-6 Comparison of heat recovery performance of production well in Schemes 3 and 6
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Figure 5-7 Comparison of heat recovery performance of production well in Schemes 1-6
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Numerical simulation of multi-field coupling
in geothermal reservoir heat extraction of enhanced
geothermal systems

Zhi Zeng , Weijun Shen , Mingcang Wang , Zhiyu Li , Xiangyang Wang , Jianghui Ding

Abstract: The coupled analysis of multi-field heat and mass transfer in geothermal
reservoirs is a pivotal concern within the realm of geothermal rock exploitation. It
holds significant implications for the assessment of thermal energy capacity and the
formulation of reservoir optimization strategies in the context of geothermal rock
resources. Parameters governing production, along with fracture network
characteristics (such as injection well temperature, injection well pressure, fracture
width, and fracture network density), exert an influence on enhanced geothermal
systems (EGS) heat production. In this study, aiming to comprehend the dynamic heat
generation of EGS during prolonged exploitation, a coupling of various fields
including permeation within the rock formations of geothermal reservoirs and the
deformation of these rocks was achieved. In this study, we formulated the governing
equations for the temperature field, stress field, and permeability field within the
geothermal reservoir rock. Subsequently, we conducted numerical simulations to
investigate the heat transfer process in an enhanced geothermal system. We analyzed
the effects of injection well temperature, injection well pressure, primary fracture
width, and secondary fracture density on the temperature distribution within the
reservoir and the thermal power output of the production well. The research findings
underscore that ill-conceived exploitation schemes markedly accelerate the thermal
breakthrough rate of production wells, resulting in a diminished rate of geothermal
resource extraction from the geothermal reservoir rock. Variations in influent well
temperature and secondary fracture density exhibit an approximately linear impact on
the output from production wells. Crucially, injection well pressure and primary
fracture width emerge as pivotal factors influencing reservoir output response, with
excessive widening of primary fractures leading to premature thermal breakthrough in

production wells.

Key words: Dry heat rock; Multi-field coupled; Seepage flow heat transfer; Crack

width; Reservoir optimization
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Introduction

The application of fossil fuels has brought about the Indus-trial Revolution and has
provided humanity with tremendous developmental impetus over the past few
centuries. In the current global environment, energy demand is steadily on the rise.
Energy diversification not only offers a broader range of energy choices to cater to the
specific needs of different regions and countries but also enhances the stability of
energy supply. By reducing reliance on a single energy source, it mitigates the risk of
supply disruptions. Geothermal energy, as a stable, widely distributed, and pollution-
free clean energy source, has garnered attention from many nations. Hot dry rock
refers to high-temperature rock formations buried deep underground with low
porosity and permeability (Li et al. 2020). The heat stored within them requires
artificial modification through the creation of enhanced geothermal systems (EGS) for
extraction (Baujard et al. 2021). The transformation of the reservoir is an irre versible
process, necessitating the simulation of the overall production dynamics of the
reservoir. This allows for the exploration of the impact of key production parameters
on the reservoir’s dynamic behavior, thereby providing a basis for the formulation of
production schemes. EGS research has been conducted for more than 30 years, but in
the past it was limited to countries such as the US, the UK, Japan, France, Germany,
Switzerland, and Australia (Genter et al. 2003; Zhu et al. 2019; Leon and Kumar 2008
Karastathis et al. 2011). The abundance of dry heat rock resources has attracted the
attention of many scholars. Modeling and experimental studies on EGS have
developed rapidly. The issue of the EGS presents a classic example of a multi-domain
multiphysics coupling challenge. Within the framework of the EGS consisting of the
injection wells, production wells, porous reservoirs, and surrounding impermeable
rock formations, different domains adhere to dis tinct governing equations.
Nonetheless, physically valid connectivity conditions must be met at the interfaces of
these domains. Concurrently, in the simulation of EGS, the temperature field and
permeation field necessitate coupled solutions, occasionally entailing joint solutions
involving solid deformation and component transport. Gringarten et al. (1975)
presented a theory for heat extraction from a fractured hot dry rock based on the
assumption of the infinite and uniform apertures of parallel vertical fractures. Cold
water enters through the bottom of each fracture, and the heat conductivity transfers
from the hot rock to the fractured rock via the water flow. Their solution could be
used in determining the water temperature and the ratio of the amount of heat
extracted by means of the water flow within the fractures. Ashena et al. (2023)
investigate the effect of a change in the thermal conductivity on the net heat energy,
the net power, and the coefficient of performance (COP), at different circulation rates.
Zhou and Hou (2013) proposed a numerical model describing hydraulic fracturing
process for simulating the dynamic fracture expansion process and the fracture fluid
momentum and mass exchange between the fracture fluid and t pore fluid. In dry-
thermal rock reservoirs, the interactions between temperature, pressure, and
percolating bodies are very com plex. Bower and Zyvoloski (1997) developed a
numerical model of heat-water coupling in fractured rock. Shaik et al. (2011)
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proposed a multi-physical field porous medium THM coupled microscopic
continuous medium method based on mass conservation, momentum conservation,
and energy conservation equations with two field system engineering experiments and
established a three-dimensional model while implementing parallel computation for
the model. Jiang et al. (2013, 2014), as well as Chen and Jiang (2015), conducted
numerical simulations of the permeation and heat transfer processes in EGS based on
the Brinkman equation. They considered the impact of permeability and thermal
imbalances between the surrounding rock and pore fluids on the lifespan of EGS.
Subsequently, Cao et al. (2016) explored various geothermal well layouts and the
relationship between injected water flow rate, heat extraction efficiency, EGS lifespan
under the influence of structural stresses. Saeid et al. (2015) performed coupled
simulations of low-temperature geothermal systems in one and two dimensions,
considering different regimes of laminar and turbulent thermal conductivity. By
comparing various parameters, they derived a quantitative relationship indicating that
the lifespan of a geothermal field depends on porosity, flow rate, well spacing,
reservoir temperature, and injected water temperature. However, the systematic study
of how parameters related to injection wells and fracture width impact EGS heat
production remains unexplored. Furthermore, the alterations in fluid properties
occurring due to temperature changes within the geothermal rock reservoir have not
been thoroughly considered. Therefore, it is imperative to comprehend the influence
of parameters like injection well characteristics, fracture width, and fluid properties
on the reservoir and production aspects. This understanding is crucial for optimizing
the heat production capacity of EGS. The output response of an EGS is jointly
governed by the stress field, temperature field, and fracture permeation field within
the matrix rock blocks. In this study, we integrated the coupling relationships between
the fluid medium in the EGS, the permeability of fractures, and the reservoir rock.
This integration led to the establishment of mathematical models for the stress field,
temperature field, and permeation field within the EGS. Initially, we analyzed the
dynamic characteristics of the temperature field during prolonged exploitation of the
EGS. Subsequently, we conducted a comprehensive study and discussion on the
impact of reservoir properties such as injection well temperature, injection well
pressure, primary fracture width, and secondary fracture density, as well as other
production parameters. The results of these efforts provide a deeper understanding of

the dynamic nature of the reservoir temperature field and how the properties of the

55



BP0

reservoir and production parameters collectively influence heat production in the
EGS.
Coupled control equations for dry heat rock mining
Basic assumptions

An EGS is complex and can be simplified into a model composed of matrix rock
mass and fracture system. The phase change of water caused by temperature is
ignored, and the reservoir is a single-phase water-saturated reservoir. In the context of
heat transfer in the model, only the heat transfer between the matrix rock and the fluid
as well as the variation in the temperature field within the matrix rock, has been
considered. Temperature changes resulting from other factors have not been taken
into account. In this study, the water flow in the fracture system is assumed to be
laminar, in accordance with Darcy’s law, and the deformation of both the matrix rock
mass and the fracture system is small (Pruess and Narasimhan 1985).
Control equations of the coupled model

For the EGS, the equations for the displacement and stress fields of the rock can

be expressed as follows (Sun et al. 2016):
U Ui ij + (UHA) Ujij- oB p,i- Pr Tsi+ Fi=0

= Ev _ E
S (1+v)A-2v) 2(1+v)

Br =arE/(1-=2y)B
where u is the displacement [m]; and are the Lame constants [Pa], respectively; T
is the thermal expansion coefficient of the bedrock [K—1]; B is the Biot coupling
coefficient; ij is the tensor of the stress in the bedrock [Pa]; Ts is the temperature field
of the bedrock [K]; and Fi is the physical force acting in the bedrock [N]. Considering
the deformation of cracks, the controlling equation for the deformation generated by

the interaction between the cracks and the rock mass can be expressed as follows:

’

Op

H YU = Gls/ks

u, =

’

Oy = Op =P, 0 = O

where un is the normal displacement of the crack [m]; us is the tangential
displacement of the crack [m]; Kn and Ks are the normal and tangential stiffness of
the crack [Pa/m], respectively; and n and s are the normal and tangential effective

stresses at the boundary of the crack [Pa/m]. Considering the porous seepage flow of
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matrix rocks with low permeability, the governing equation of seepage flow can

be expressed as follows (Tenma et al. 2008):

k
u= E(VP +pgVz)

where S is the water storage coefficient of the matrix [Pa—1]; t is time, s; is the
permeability of the matrix [m2]; e is the volume strain of the matrix mass; is the
dynamic viscosity of the seepage medium [Pa-s]; and Q is the source-sink term of the
seepage [kg/(m2-s)]. Consider the temperature field of the matrix of the EGS, the

control equation can be expressed as follows:

9T

Csps E

=A V2T, +w

where cs is the specific heat capacity of the matrix rock mass [J/(kg-K)]; s is the
density of the matrix rock mass [kg/m3]; W is the external heat source term [W]; and
s is the heat transfer coefficient of the matrix rock mass [W/(m-K)]. Considering the
fluid seepage within the fracture, the controlling equation can be expressed as follows
(Ma et al. 2023):

dfsfaa—f +7, (—dfg—fVP> = —d; % 4 Qs
n at
where f is the permeability of the fracture in the enhanced geothermal system
[m2]; Qf is the flow exchange between the fracture face and the matrix rock
[kg/(m2-s)]; df is the width of the fracture [m]; sf is the water storage coefficient of
the fracture [Pa—1]; and n is the normal direction of the fracture boundary.
Considering the heat field of the fluid itself in the fracture , the governing equation

can be expressed as follows (Sun et al. 2017):
aTy
depyCr o+ dppyCrup Ve Ty = de Ve (AW Tp) + W

where cf is the specific heat capacity of the fluid medium [J/(kg-K)]; uf is the
flow velocity of the fluid flowing along the fracture [m/s]; f is the density of the fluid
flowing in the fracture [kg/m3]; Tf is the temperature of the fluid in the fracture [K]; f
is the coefficient of heat conduction of the fluid in the fracture [W/(m-K)]; and Wt is
the heat conducted at the fracture boundary through the matrix rock boundary to the
fluid flowing in the fracture [W]. For the W term on the right side of the equation, it

is assumed that the heat exchange between the fluid in the fracture and the matrix
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rock boundary obeys New ton’s law of cooling, and the heat exchange between
the fluid medium in the fracture and the matrix rock boundary can be calculated by
the convective heat transfer coefficient. When the temperature of the fluid medium in
the fracture differs from the temperature between the matrix rock boundary, the heat
absorbed by the fluid medium in the fracture from the matrix rock on a unit area can

be expressed as follows (Li et al. 2015):

Wy = h(Ts — Tf)
where h is the heat transfer coefficient between media [W/ (m2-K)].

Coupling relationship between physical fields

Coupling between seepage and stress at the boundary surface of
fracture and matrix rocks

Geothermal exploitation system is an organic system, and there are joint
effects of temperature field, seepage field, and stress field among rock mass and
cracks and the action mechanism among temperature field, seepage field, and
stress field (Zhou et al. 1998; Li et al. 2023). In an EGS, the heat exchange at the
boundaries of fractures affects the temperature distribution within the reservoir
rock. The cou pling relationship between the temperature field and the stress field
can alter the properties of the fracture network. As the primary flow pathways in
the fluid medium, changes in the fracture network can impact its permeability,
which is crucial for the coupled behavior between stress and flow fields in
enhanced geothermal systems. To study the coupling characteristics of this system,
Louis (1974) conducted experiments investigating the relationship between flow
and stress in a rock mass containing a single fracture. He proposed an empirical

exponential formula to explain the behavior of this coupled system:
ke = kg exp(—ao,)

where kO is the permeability coefficient of the fracture at n[/=0[m2]; kf is the

permeability coefficient of the fracture in the matrix rock [m2]; is the influence
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coefficient [1], and the magnitude of this coefficient is related to the state of

existence of the fracture in the matrix rock.

Changes in fluid media properties

In EGS, the properties of the fluid also undergo changes as the fluid
temperature varies within the fractures. The variation in fluid temperature has a
significant impact on the viscosity of the fluid. The relationships between water
viscosity, water density, specific heat capacity, and thermal conductivity of water
with respect to temperature are expressed by the following formulas (Qu et al.

2017; Shen et al. 2022):

1.38 — 0.028T + 1.36 X 1074T2 — 4.64 x 1077T3 + 8.90 x 1071074
thyy (T —9.08 x 107137573 +3.84 x 107167 273 < T < 413
0.004 —2.11 X 107°T 4+ 3.68 x 107872 — 2.40 x 1071173,413 < T < 533

pw(T) = 838.47 + 1.40T — 0.003T2 + 3.72 x 107/T3
Cow(T) = 12010.15 — 80.41T + 0.31T? — 5.38 x 107*T3 + 3.62 x 107/T*

Aw(T) = —0.869 + 0.009T — 1.58 x 107°T? + 7.98 x 107°T3

Numerical model solving and validation

Computational models

Figure 1 illustrates the EGS wellbore and fracture network model. In the
diagram, "I" is the injection well, "P" is the production well, and the two horizontal
fractures connected with the injection well and the production well are the main
fractures of the reservoir. Secondary cracks are a group of vertical cracks that
connect two horizontal main cracks. The physical parameters of the dry rock

model are presented in Table 1. (Xiao et al. 2019).

Model solving methods

Based on the aforementioned coupled model, along with the initial and
boundary conditions of the EGS rock mass, it is possible to solve for the

temperature field, flow field, and stress field of the fractures and matrix rock mass.
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In this study, the numerical solution of the coupled model for the EGS is
achieved using COMSOL Multiphysics. The governing equations of the various
physical fields are combined and solved together, allowing for the computation of
relevant numerical values for each field. For simulating fractures in the enhanced
geothermal system, it is common to employ thin-layer elements (Leung and
Zimmerman 2012), which have a certain thickness. However, in the case of EGS,
the calculation domain is large and the fracture network within it is extensive and
complex. Each thin-layer fracture would generate a large number of grids, leading
to an excessively large grid count that hinders the computation of final results.
Another approach is to transform the thin-layer fracture elements typically used in
simulations into one-dimensional line elements without thickness for computation
(Chen et al. 2014) The difference in results is not significant under the same
parameters (Qu et al. 2019; Li et al. 2015), and the use of line elements simplifies
the grid when performing finite element simulation and computation. The model
shown in Fig. 1 is simplified to a two-dimensional model as depicted in Fig. 2, for
simulation and analysis. For the two-dimensional model of the EGS under the
condition of one-dimensional line elements, the stress field, temperature field, and

flow field of the system are imported into COMSOL Multiphysics for solution.
Model coupling verification

This study employs COMSOL Multiphysics to solve the THM coupling
model. In order to validate the effectiveness and computational accuracy of the
model, two case studies are chosen for validation in this work. Ghassemi and
Zhang (2004) investigated the variations in temperature, pressure, and stress near a
circular wellbore after a sudden temperature drop. Utilizing identical physical
parameters, a comparative analysis between their findings and the results obtained
from modeling and computation in COMSOL Multiphysics is presented in Fig. 3,
for reference. Lauwerier (1955) gave an analytical solution for the variation of

fracture water temperature with time in the study of heat transfer in oil reservoirs.
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After a certain time t, the temperature of the water in the fracture is distributed

along the x-axis as follows:

Agx
Cc,d X
T(x,t) = Ty + (T, —To)erfc PuwZwy U <t - —)

2 As
psCsus (uft - x)

where erfc is the residual error function; U is the unit step function; and uf is
the fluid flow rate in the fracture, m/s. The THM coupling model of a single
fracture was solved using COMSOL Multiphysics, and the results were com pared
with the analytical solution, as depicted in Fig. 4. The numerical solution closely
aligns with the analytical solution. By contrasting the numerical simulation with
the analytical solution, it becomes evident that the mathematical model and
solution approach presented in this paper are in concordance with theoretical
analytical expectations. This underscores the feasibility of the mathematical model

and computational methodology proposed in this study.

Results and discussion

Evolutionary characteristics of the temperature field

Currently, the geothermal recovery rate y of a geothermal reservoir is
commonly used to evaluate the geothermal recovery performance of an enhanced

geothermal system, and v is calculated as follows:

y = (Tavg(init)—Tavg(t))Csps Vs
Cspsvs

X 100%

where Tavg(init) is the initial average temperature of the rock [K]; Tavg(t) is
the average temperature of the rock at moment t [K]; and Vs is the volume of the
rock [m3]. The variation of the temperature field of dry thermal rocks under
different time conditions obtained by COMSOL Multiphysics is shown in Fig. 5.

From the result of Fig. 5, it can be seen that the temperature field of the rock mass

near the production wells maintains a stable value for a long time during the first
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years of the mining process. After a long time of mining, the low-temperature
region of the matrix rock expands, the temperature increase of the fluid during the
f low of the fracture network slows down, and the low - temperature region
gradually spreads along the fluid flow side. After about 50 years of mining, the
low-temperature region spreads near the production wells, thermal breakthrough
occurs in the production wells, the temperature of the pro duction wells decreases

rapidly, and the thermal power of the production wells decreases sharply.

Effect of the injection well temperature

To study the effect of the inlet temperature on the production well output, the
temperature of the production well and the variation of the thermal power of the
production well were obtained by taking increments of 15 °C at a time at pressure
of 20 MPa (2900 psi) and an initial inlet temperature of 20 °C, and the variation
trends are shown in Figs. 6 and 7. From the results in Figs. 6 and 7, it can be seen
that the variation trends at different temperatures do not vary much over the 30-
year stable mining period. The effect of temperature on the variation of thermal
power varies roughly linearly, which is consistent with the analysis under Eq. (17)
for the variation of fracture water temperature. High-temperature fluids from
producing wells can be injected directly into injection wells without cooling

treatment after power generation or other reuse.

Effect of the injection well pressure

The injection well pressure significantly affects the fluid flow rate in the
fracture network, and Fan et al. (2018) established an analytical model considering
the heat-fluid—solid coupling dry-thermal rock reservoir based on the discrete
fracture network model to analyze the effect of injection volume on the
temperature of the discrete fracture network. With the increase of injection volume,
the temperature at the fracture exit end changes rapidly at the early stage and slows
down at the later stage. Meanwhile, the thermal breakthrough at the exit end of the

production well becomes earlier and earlier with the increase of injection volume.
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the temperature at the fracture exit end changes rapidly at the early stage and
slows down at the later stage. Meanwhile, the thermal breakthrough at the exit end
of the production well becomes earlier and earlier with the increase of injection
volume. In order to study the effect of injection well pressure on production well
output, the variation of temperature and thermal power of the outlet well were
obtained by increasing the inlet pressure by 4 MPa (5800 psi) for each calculation
starting from 10 MPa (1450 psi) under the condition that the injection well
temperature was 60 °C and the production well pressure was 6 MPa (8700 psi).
The variation of temperature and thermal heat extraction rate at different pressures
are shown in Figs. 8 and 9. From the results in Figs. 8 and 9, it can be seen that as
the pressure increases, the temperature decreases at an accelerated rate after about
15 years of stable extraction, and the higher the pressure, the faster the rate of
decrease. The effect of increasing pressure on the production heat power of the
producing wells is mainly concentrated in the first 25 years of exploitation, and
increasing the pressure affects the flow rate of the fluid in the fracture and the
change of the heat field. Compared to the relatively stable heat power variation at
22 MPa (3191 psi), further increasing the pressure leads to an accelerated decline
in heat power after 25 years of exploitation. Raising the injection well pressure
results in a sharp initial increase in heat power from the production well, yet
boosting the pressure at the injection well predominantly impacts the initial phase
of heat production. Moreover, increasing the pressure causes the injected well fluid
to permeate into more distant zones, concurrently expediting the thermal

breakthrough process.

Effect of the width of the main crack

The main fracture is connected to the injection well and the outlet well. As the
main circulation channel for fluid media, the width of the main fracture has a large
impact on the temperature field distribution of the entire enhanced geothermal system.
A smaller fracture width will cause the fluid medium percolation process in the main

fracture to slow down, which will inject insufficient thermal energy extraction from
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BP0

the matrix rock at the end of the well. A larger fracture width will make the fluid
flow faster and flow too quickly from the injection well to the end of the main fracture
the fluid medium does not fully exchange heat with the matrix rock body near the
injection well area, the temperature of the matrix rock body near the production well
drops faster, and the thermal breakthrough of the production well is advanced (Hu
et al 2014). In order to study the effect of the width of the main fracture, the width of
the secondary fracture was taken to be 0.0001 m, and the change in the width of the
main fracture was calculated by taking increments of 0.0002 m each time starting
from 0.0001 m, and the temperature field at each width and the change in the thermal
power of the production well were obtained as shown in Figs. 10 and 11. From the
results in Figs. 10 and 11, it can be seen that the variation of the width of the main
fracture has a similar effect on the variation of the production thermal power as the
variation of the pressure on the thermal power. As the width of the fracture increases,
the f low rate of fluid medium along the main fracture becomes faster and the thermal
power of the production well shows an upward trend. After the stable exploitation
period of 20-25 years, the curve of the production thermal power is staggered
compared to the fracture with smaller width due to thermal breakthrough, at which
time the temperature of the output well of the fracture with larger width decreases
faster and the production thermal power is less than that of the fracture with smaller
width.

Effect of the paracrack density

In the process of dry-thermal rock extraction, two main fractures established
by hand are then artificially hydraulically fractured to form a secondary fracture
channel connecting the two main fractures, which together with the secondary
fractures form the fracture network of the enhanced geo thermal system. The
degree of controlled fracturing affects the density of the secondary fractures, and
the change in the density of the secondary fractures affects the connectivity
between the injection wells and the output wells on the one hand, and on the other
hand, the increase in the density of the secondary fractures leads to a more uniform
distribution of the secondary fractures in the matrix rock, which results in a more
adequate heat exchange between the fluid and the matrix rock and reduces the rate

of thermal breakthrough in the production wells to a certain extent. The variation
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of the temperature of the water outlet well, the thermal power of the
production well, and the geothermal extraction rate in the dry heat rock area
obtained by varying the number of secondary fractures in the extraction area with a
primary fracture width of 0.0005 m and a secondary fracture width of 0.0001 m are
shown in Figs. 12 and 13. From the results in Figs. 12 and 13, it can be seen that
there is not much fluctuation in the mining power when the analysis of fracture
density is performed at a pressure of 14 MPa (2030 psi). The density of fractures
primarily impacts the connectivity between the injection and production wells
within the geo thermal rock, resulting in a larger contact area between the fluid
medium and the geothermal reservoir. Starting from six secondary fractures,
further increasing the density of secondary fractures diminishes its effect on the
reservoir’s heat power. In the context of geothermal rock reservoir, there exists a
marginal impact with increasing fracture density, and a higher number of fractures
lead to greater hydraulic fracturing difficulty. When devising extraction strategies,
it is essential to consider the combined influence of hydraulic fracturing

complexity and fracture density, aiming for an optimal balance.

Summary and conclusions

In this study, a mathematical model for the stress field, temperature field, and
permeability field of an enhanced geo thermal system (EGS) was established based
on the coupling relationship between fluid medium, fracture permeability, and
reservoir rocks. Full coupling simulations were con ducted using COMSOL
Multiphysics to investigate the impact of injection well temperature, injection well
pressure, main fracture width, and secondary fracture density on the distribution of
reservoir temperature field and the thermal—electric output of production wells.

The key conclusions drawn from these studies are as follows:

(1) In an enhanced geothermal system, as the production process progresses,
the low-temperature area starts to expand from the injection well and causes

thermal breakthrough, and the temperature of the production well drops
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significantly. The rate of heat breakthrough in producing well is related to the

distance between injection well and producing well.

(2) The impact of temperature decrease on the temperature and thermal power
output of production wells generally follows a linear trend. As for the injection
well pressure, its effect on the output temperature and thermal power of production
wells is substantial. With an increase in injection well pressure, the overall thermal
breakthrough speed of the system experiences significant changes. Around the
threshold of 22 MPa, higher injection well pressures lead to a notable acceleration

in the thermal breakthrough speed.

(3) The influence of fracture width on this system and pressure appears to
follow similar patterns. Excessive fracture width accelerates thermal breakthrough.
As for the variation in output from the geothermal rock reservoir under different
secondary fracture densities, increasing fracture density has a substantial impact on
out put wells when the fracture density itself is relatively low. However, as the
number of fractures increases, the impact of increasing fracture density on the

thermal power output of production wells stabilizes.
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