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Abstract

Under the strategic goal of "double carbon", geothermal energy, as a green and
clean renewable resource, plays an important role in achieving carbon emission
reduction. Xinhu Coal Mine is located in the south of Huaibei Coalfield, which is rich
in hydrothermal geothermal resources. In this study, 12 groups of chemical samples of
geothermal water in Xinhu Coal Mine were collected. Using Piper diagram, Gibbs
diagram and numerical simulation, the chemical characteristics of geothermal water
and water rock interaction process were studied. Combined with SiO> temperature scale
and borehole temperature measurement technology, the genetic mechanism of
geothermal system is clarified. COMSOL numerical simulation was used to analyze the
variation law of thermal storage temperature under different well spacing mining
conditions, and a reasonable geothermal energy heating scheme was proposed, which
provided a scientific basis for the clean utilization of geothermal energy in mines.

The results indicate that the pH of the geothermal water in the Xinhu Coal Mine
ranges from 7.80 to 12.41, characterizing it as alkaline water. The average total
dissolved solids (TDS) concentration is 3271.6 mg/L, classifying it as moderately
mineralized water. The chemical composition is predominantly controlled by
evaporation and concentration, with Na* and K* being the primary cations and CI” being
the dominant anion. The main hydrochemical type is Na-K-CI-SOa.. Salt rock
dissolution is widespread in the study area, and the thermal reservoir environment is
relatively closed. The geothermal water has experienced long-term flow. The average
temperature of the Ordovician limestone thermal reservoir is 48.2 °C, with an average
water circulation depth of 1153 m, indicating deep-circulating karst geothermal water.
The geothermal gradient in the Xinhu Coal Mine ranges from 22 to 33 °C/km, with an
average value of 27.2 °C/km, which is within the normal geothermal gradient range.
The significant increase in the geothermal gradient of well G1 suggests a strong
hydraulic connection between the deep strata within the mine. The heat accumulation
mode of the hydrothermal mine geothermal system is influenced by the coupling of
strata, lithology, and fault structures. The high geothermal gradient distribution in the
northern part of the area is the result of the combined effects of deep formation heat
conduction and geothermal water convection. The Ordovician limestone and tensional
faults provide the geological basis for the abundance of water and efficient heat

conduction in the thermal reservoir. The required thermal load of the mining area is



8157.3 kW, and the total amount of geothermal resources is 8.55x10'° kJ. The time to
thermal breakthrough at well spacings of 400 m, 600 m, and 800 m is 17.1 years, 26.8
years, and 42.2 years, respectively. A well spacing of 900 m can ensure that the mining
and irrigation system will not experience thermal breakthrough within 50 years. This
study proposes a scheme with a well spacing of 900 m, a pumping rate of 250 m3/h, and
100% reinjection of 23 °C tail water, which can meet the basic heating demand through
a combined heat pump system.

Keywords: Geothermal energy in mines; Chemistry of geothermal water; Genetic

mechanism; Thermal breakthrough; Cascade utilization
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Hh X A #AT ZR R0 X 3 i () 25 (AN G B 3R R e 7 Hm bR . R 425500
BTV G Je L R b i dyas, b 7RG . R RIRE - R B A A =
T 7K TR b PR BT A8 3G SRR 2, I )& I8 Bl 72 T R A M T 2 AT 1 3 2 i
[, H.Barcelona P4 T Baiitos-Gollete Hi# R G HIMESAT, NI X
W N-S E W2 RGO TR TE IR A WG ER, FEoEHIX 5 Se ik
W48 77 7] . Zheng Tingting B A H L R BRI Bt R 4E . Horp
I AR G 5 R BRI Z G B E R ARG, 1T B R G 5 1R 2 W Rl
Ky MLT FERRE RN Z A il 2R B A SR IR . T R AT 24
FRAE 7R ARYE . 5 KT S DO 4 DX et 5 37 25 18] 20 A 1 100 % AR A 2 R 5
EERHIE, $RH T TR T T it A B DY T R LA, AR T AT KR
TR SR 55 K B RAAIE A b AR FE RS DS LR A2 . Wang Xinwei 55807 DU 45 73
Mo, BRuE T ARG A A SRR 5 )E R RS RHE R H PR
SEMA, YO ZE i R S o 2 TR A R KA R R R R RE S a g
s S e b NI UR SV ESUHETR S

1.2.3 7 WA T & BUER U ST IR

B AR A 2 5 P P ATk Fr 2 7 L, ] o A SR R ) e OB BRI
FIRFE SR . H R 250k St B30 7 v i oo B IR A AR NI A, %
B A I BT . XARJESEBSIE T KRG IARE, HiA T “WE-R” B ESG K&
U RS IE FEH HRE T R I T 2N AL FFH T BON BB BB . i
BOVRIH ANSYS BN A, BESL 1 2 R e S ME R B AR Y, IR AT T
EIEHE . B R TR B AR PR BUSZR HRE R, 2k 1R LI i A R e R FH A4
FRIR R o TS ORI J2 Uk AT nt A [R] 4 X 3 B B2 5 0 kAT 02K, S B
FEFLOW B TH RN X AR T 22, B 2845 HH %3 X b BT R 1) B A0
T.#. Huang Yonghui SIS 17 —FokoP BT k28 Rg, H T RIRET
B BE 5 . HOFI A OpenGeoSys #AFHEFL 1 HEFE R . B, RIEAM SRS
X K2 XA FE AR R BCR U R2 M, 78 RS2 T 3 N 73R R 25 X H B 3 YR
(RS . PR EEYEI2R H SEIe 5 FLUENT bl ik A 45 & i 5%, WER
TR S 2 5P AT RGN A AR AR B TR RE R, D R A
TERBER AR T . FREFEBERY 7y e s ORI R, IHEH
COMSOL AU VAL 11 FH2A 2 MBI R 4538 P R, 45 R Bon ik
Al PR A TE R, AN KRIIE 10 S A H2HL 1.68x10" kI FI#E. Ma
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H: W A1 B S O BCRAE RERSZMR B2 E LA 1500 m*/d FA 3 22 0] E 288.15 K 1
FIKEAT BRI IR, MR ES A BE R T R B2t T 5%

1.3 F7ERYIE)EE (Existing problems)

GIPARERVR T LM RINE I IVE 2 S S =B S TS UGN T VL N & it ]
T, 4R 6F i A AR G R AR 3R It R B m] 5 S R I 0 IR A 9T, AR
FELLT =75 1 :

(1D RT3 70 A AL B 5 SRy PR T iR s 2, sh= B FLIIR .
KRG S SE BERE, X KA SRR R L R B SR FEANIS IR

(2) DMEBEFE AR E S — D F ARG, RienHRaf &
BEIE RS RAVERE . TRABHLTTIE . MR /KIS D 5F R R A & 5

(3 A SRR S s, ) el 22 VA AT Bl i A Bk i 1 5 1 TR 5 g T, X e
HMFIHIRTTEA L,k = A BT AT R Bk 7

1.4 FRRNB 5 753%E (Research contents and methods)
14.1 MRAE

AHIE TS CAAE AL R BHAT X AS WK, SRR S 3 i A S5 & 1 F
B, WHARNAEZEBSLLT LA TR

(D ZEENHTIFRIXHZE S ASCHUFR 21 s TS 5 R W 22 i i
FHIE, WP 7 HEIX AL T KIS SMAAEOL . WOERKAE R EEE B 7R . TDS.
Si02 s A5k 2 e bn -5 DX A FLI IR 2040

(2) F3 MR KAk 2R S AR 7R B o 15 Bh Piper =4 B T /KR sS40 2
AR, WOk, | Ca®'. Mg?'s Na's Cl'. SOs2 255 1125 fa) kb
Bl R, 454 Gibbs 3T H KA S R A3 1R SRIR B s AL A

(3) HEFR XM ARG R RN T TS W Bt f iy 54548, A
i S0z AR 7 HAAE IR B SR IE RS . RIS, 25 B X b A B 43 A 40
4, e XS SR LS A R I R G HIE A, R S I H i R
Gt K FERAE A

(4) WL AREEBERI 7 R . R0 T E BN A SR IR AR AR, &
FEHLHOKEAY . KK K =5 . A COMSOL Bk, 4560 X b=
WA R 5 FREEIE 0L, BT HE I IR 2 B oK R 7 %

1.42 MARFEREAREZ
AR CLZ BB S ], FE TAE S LR VU, FoR 28 W 1-1.
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TS XSS FLIR B, O 5 SR 9T B e LAl
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WRIE . A . HZ 0. HURN KIGPREE R o0 U R AR,
Ffy 5 X S R LA A R R A I E R, SRR EBET ARG E
KM

VIR B Hb BBV 7 it

VTS LR 1) S PRI I s e BT DO BRI 2R PE TR, dt &2
KRR WELIRTE:; Wi ATHIER SR E . [FBHEE) COMSOL #4843
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2 HIRXHRAR
2 Overview of the Study Area

2.1 BFAMIBHLN (Overview of physical geography)
2.1.1 I E532E

(1) HFEALE

VEALIE AL T FRE 2 g AL X, BEAR T AR Z) 9600 km?, & LT AL 4100
km?, HbPRARFRALTF-AEZE 3392078 34°28' 2 [A], A4 115°58'% 117°12'. H KT
ST HEIETTBE N, ACEB ST AR M T B8, ARARTE N T, DU g 4 s i
AT, HuAb 75 40 VU A8 (A ity , B B B 1 X I8 8 5 e Y5 AR B
e

BT AT B X R B =M R, SR B ELERZ) 14km. HALT
YEILE B rE 38, SiEdLE AR X A E, HH B ARG A T REA 116°12'%
116°20' b4 33°25'% 33°35' 2 [,

(2) =il

DX P A it 22 A, T BH I AL BRI A H )t e Ll Bt A 2 bk R 55 R i
WX AR 3 km WA MBS . mULEEE S B AL X PHZ 26 km &b, FLARHER.
ARACHER T 0] 73 AT I B ~ =2 M TR BH ~ B P T2 A, P IR L b S 52
W FIEZERAAR & B R A B R . IR 7 X AR AL, B I
TS, FRECAMER, HKEBHTNENEIN . SEBONER], WA 2-1.

2.12 55X

(1) HbJEHL3H

B WER M 3 E ARSI N+30~+31 m, Hu3AFARINES, WAL 7 4]
ik LM —8, BPIbR AR 77 Mg T . BT X AR MIAR I el —,
JERTAFAEIEIR 53.4-105.3 m [J/h il e, AN T, XA/ ERZ . R
GIMEACHE . TE KT 55 SO I R R, BB 2 R SRR SR

(2) K f&

T 9 X S0 2% A 2L AT L 28 1) 2 DX Ui e SV SRR AE , AR S A, DY
Zor . BKEREA, BoKED, REEH, [REFHFENEN; EERA,
Bk 78T, R WA, A2, TIRBICHIEATE. #1956 F£2
1990 F RIS G M MEAE, BT XT3N 14.6 °C, Wi SRR H
BTE 1964 %7 HO H 1969 %2 A 5 H, 437lik 41.2 °CH -24 °C. FFHK
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WoHN32m/s, BEEZE~EEMN, BEEMKELRILNINE, LENEATIL~PEI0
KB ZEH LA MN\A, &K EN 830 mm. =28 K = 1890.6 mm,
TorE Ik 218 K.
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Figure 2-1 Traffic diagram of study area

2.2 Ximh g (Regional geological conditions)
2.2.1 HEHHE

40P 2-2 B, VEALARE R b A AU AR (14 2 T A » T5E 380 2 BT ) e [X 3
PO LA G- B BRI RN 5, ST R AR RSSO 5, 53 iRk
HH o AP R 3 AR 5 3 PR TR A O P PR J 5 R e i EL A A o X I
FERACIAR A S 2RV A (R KA 3 AR T A IE Pz ), AR08 [ AN b 2R [ 4 i 2
TERE ST FERIUOVALAR A G g R IR R i [ fig . 5238 2 HiiiGissh &
TNEIFZIR, XA AR V8 ) KW R TE A 2R [ R I RO S 8, JE R T ¥ 22 3T IR I
Wi o SR AAVE IR P AT X A, ekl o b X . AR IXL Ak
X = AN IFRBLB X 4 KA W 2 9 IEWTZ F1LF5 J2 FO S5 KRR 51 4 (X,
TARPERE RAF. HA b X R A /N AR I BB, BRBOVARE,
TR IS
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Figure 2-2 Geological structure outline map of Huaibei Coalfield

222 HEER

(B JE AL B b 2 YamE, )25 41 5 LA - B X AR — 5. 12
2 2, BRI B~ N R = B O R A, Ak B 4,
A VRN R BATAE IS R, (I RIS b, JE L2 B BRI FE
RAETG. BEATTE. ARAT EEARERA. KEH. —2R0UEH. TFH
&ETH. EA&ETH. AFEH. LR, LR, BUAR.

(D R (©

D FgkEH (€zx): FEREHENRKE~ERKEAKE, BRRER

FHORHMPLLE R o 7605 FLARER B E RN 42.88 m, EAREFEATE.
(2) Hpgx (0D

D FFRGZRLA~ DS, XN LIERE, &K /EE 237.18
m, ERBEEARVE, S RNERKTRLEKE X ARTRKE, SRR, 85
R AR, RIS ik, ERERRRRE « Rzl s . KA 5
YL ERER .

(3 AREKR (O

D HGAREMA (Cob): THElS B REABEAL, JEE 554 15.55 m,

9.90 m. 12.50 m, FEAATIEREL 12,65 m, k38 K A58 G E
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FRRVE AN, BRI BV B A 2R R ML 50, e A 60 5 5 AR TR 11
WP )2 o SRR Wb SRR o S BN 5% o A JREE s — )2, &
/b B SR ERAR

2) FHKEH (Cit): 5 RARARES AL, XEEE 110~150 m. 15
F2 R 118.00~140.70m, &KA 13 2, KA EJE 60.32~66.60 m. 714K~
RIKEOIKE BRI E . RARREEE . SHE 2~7 2, —ATR, 312
J&0.23~1.53 m.

4) =BF (P)

D FEILTEH (Pro): 5 FEHARIRA RSB, KA RRETHRREK
JRAH B JE IR AT, TE T 8 S Z MR E K. A)ZHEL 11428 m, £
TSN 10 11 FIRAMRE, SEEH 13 2, PYHREZEEE 0.67 m, HEK
RN 0.59%, Hh 11 SHZE B &R RME . N5 R IK- KON
WA 5V BZNRHE: B DURK-HOK (R b . b Jee s o E, i
EH YN BRI TR B Y. 1E 10 SHEALARIT X3 AT R i 2k auiits, 3
TS LER B, 2R R, s EAE
SIARER ST I Sy

) PR MAETH (Pro: 5 RN TE4 28548, JF 172.05~268.75 m,
PR 230.63m, Fr 4. 5. 6. 7. 8RR, FH2~14 2, FHEIE 9.09
m, SR 3.94%, H 55, 6. 7. 8. SIEENARX A RAEZ .

3) kg EAETH (P ZMZEE THAETHESDIR, JRELL K3 /b
FHENSFARE, FEBA TN SR E, SR AR A
462.99~773.65 m, L4t FHEEIL 66127 m. ‘HEFHIFRE 1. 2. 3 5=
MEEBE, KRS 1~10 )2, Bi-FHEE 222 m, BEEBAERN 0.34%.
3 SR EHIR X IR N BA P I St A v R, B TR R Y S R
2

4) FHRIFIEHMA (Pag): 5 TFR AR THRESER, XNEERKEE
767.00 m.

TB: AKAGHPA IR S RO O s . b aEE, ERKE, &
WIS AT, JBER, BEAKE.

FB BRAB~KENRE. MIPERNT, RAWEEE, BEUATERNE,
SRAMKEOTY, FATEERE, BEHEASER.

(5) LR (B

HE FMREBRUBE RS M, AVEERRRA 6O, RAAKMIDE . BF
BRI, RERREGEIRAER. B SE KA AUE kibE, YWAAR
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B E . REEI T

TB: BN 0~317.55 m, “FHIERE 66.15 m 47, HPEIOMEES
R EMIPAE LB I, BRE R EEROKE . OIS, BR e
g, R b SR, [ 2 B S A -

B EEN0~4127 m, PHERE 122.18 m A4, DMFALERS. M
N, AR R AR BRR AT 18] B RR AT S IR, 2 ] 46 B 45 s
oy 2 B R AR o

(6) HirFk (N

D HFEg (ND: 5 MR8 REGE T RHZE R ABE L. JEEAE 0~22.26
m (8. FYEZ WA, DRI N, FEHEHE O, FRE R LR
MURAHR, 2 2R RN IEES], KEr DAk,

2) EFig (N»: 5 TFRHZRREEEA, & TRAEERY, FEEE
383.88 m.

(7 FHUHR (Q)

FVRBESTHER L, FERGAHMRY, EERN 81.40~90.90 m.

D FHA (Qis): AGRKEEN61.50m, HR/NEEHN4225m, TR
£ 51.10 m

2) &HS (Qu): ZAEEST TRERsc b, FEN 30.95~37.80 m,
SEYRE N 3479 m,  JE AL~ I8 MEA LT

HeARR. ZSRNFENTERE (K 2-3), ARKTHE4~5 2,
CTERARTHS~30 RE, WK 5~10 2, FEEENRE. A, BER
B R N E R EA KA E.
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B B E/m = 4
K R348 >767 = = | hARKERRBERDE, BBE, RE, SEREH
Bl rrarm | 150747 [o—
i Ll "o
- T | TA&TH 1397305 (ol B, BEE, b, AWENERER; TRRIERESE

% L4l 31~140 [

t — i R Do R ST
A % XIEH 110~150 [or__o RE, WE, RE, RREEREEBEER
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% Z AR 3~40 RE, BREL, BERBEKE

h | l_I

g | ERLE 34~41 T REEZE, 5%, XEE~FEERE
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B’ i |

DRAE 150~200 HEELE PRREEREE, KA
= |/ WA = — iy —
3] WEE 250 ”I ”I” XA, BZR&RE, RRB=E
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Figure 2-3 Comprehensive histogram of Huaibei Coalfield strata

2.2.3 IKICH R

B 1 TR B 7K ST R 1 2 1) S 4L e, Ht R K A s ik 5
DX IE S SR A AE S DRI W] 2-2 o, 1205 e (0 AR W 288ty O 5 S5
F AR AR, 200 32 [ B~ A= W e st , 000 D3 o == o B 28 2 52 62~ BB [
L5 IR« R e RS AR R o X8 S 10 KR 5 28 G oxe i X3 T 7K B PR A
AR REVERI, TR 1A P R SO R 254 . R 3 R IBE I &
K 2 B EATRFALE, AR = A EEE KR R B A TR IR LR & KR
M. B RITREEEREEKZEB BRI S B 5 008 A TR RS K
JERB . WEALRE B A B A K B 4ERFAE 100~700 m® /h, 7 HF 78K 322
RV T PR TR 5 R R 5K Z, 1Z & KZ R AR FMZIR, UUFSH KN
LA AFAE . UK SR A SIS R R F IR AN IR S R V), A=
BAKEKZAN G HITEOLR, IiK Rl 2SS

2.3 ARE /N5 (Summary of this chapter)

R W AL T AL IR 7, AL B AR XA . BT X e e b Y
WRVEEE, HHAMZRZERRIOy: BRATS. RERT TS, AKRT
EHGAEA, KIFRA, SR04, TaaTH. EAaaTa. xiad. &
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IR, Prif k. $FWUR, HPaRA. “BRANTEENSELE. XGRS
IR P AN IR 2R [ KW, SR AL AR AL i s S 1 2R o T )i o i DX AT
X =AEKZ Al A TR BUE LR S KE . B R ERIEER A R
BRI DURR SR AN B 28 A0 e o TR E 7K R
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3 HbRRIKHERIL S HFAE

3 Geochemical Characteristics of Geothermal Water

3.1 KHERESMIK (Water sample collection and testing)

AR FILREE W 12 D FHOKFES, HAF Gl G2, G3 RIETHA R
)2, G4 G7. G8. Gl1. GI12 RIFET B R G )=, G5+ G6+ G10 BUFE T4
FETRARI A, 11 G BUH F1 W2k, X HIFRAKR AL, vk f sk
Y, BRI G Y ORAF T I & IR Ve AN 25 & /K e T I . R
ANRFE IR T REIFEARE, DMEHITES: pH. TDS. FEAMFEITED
M o I JeP FH 2 v () (B 455 XA (HQ40D) 58 i pH B B & « F-%E
BH B8 7 AR 0 R I o AR AT o A F Sl R R A b 3, L pH (BT 2.
HFHE 40 Na™s K Ca® Al Mg> S5 1k B2 i€ 2 38 1d ICP-OES (ThermoFisher
IRIS Intrepid 11 XSP) FERKHT, AXARUHERIELE 1%L TlE T3 120 Hr dE
ICP-MS (Agilent 78000 5Eh{. X TBHES T HIE &/ T, ASCKH T BT RBik%
(ICS-1000) HKME F-. CI'v NOs Ml SO 25 & &, MIEAE 5% LN . SiO, &
I 3 A e e I SE T

3.2 7k{tZE 7 #F (Hydrochemical analysis)
3.2.1 IKILFHA

Piper — £ R /K SCHVER L AR & 3 T B, 8 FH T RAFH R KR 1) 35
Y RRARFAE S FLACSCA S A . OB R AS S U5, R R KAk
SRR AL TR XS R 23 AT, 7KRE 53288 B B ERTATL ) A b 4 b Ak i 14461

Mk 3-1 fron, ASCLWEERBEBED 12 AN 3Rk SO ER  208E
W H 2 Bl Piper =281 (] 3-1), FEXTH AR FRHAEHATIRAN 30T TEFHE
JiT, NatAl KA AIERI &7 S 5T 70%, Mg b A2 10%,
Ca> 1 (5 LUK T 20%. 3R B H1ER oK TR IBH 857 B Natfll KEA 3, WIBHE
DR T X P K B 1 2h S AR ARV R I % AK AR JSAE Piper IS FRIF 20T 4T,
FEEFEHE CIy SO HCOs™, Hf CIriin Gt nEs, HBIPIE T
[ 50%~80%.. 7% H1Z X I HIK AL 5 28 8 3 BN Na-K-C1-SO A o £ /K3
e, Gibbs B (B 3-2) H 4 H T2 b T 7K A0 27 543 (0 SR S sl R 2=
A Gibbs 1EAY, R KA S o3 B4 I R 28 mT ARG 7 o =28 B AL AL, F%
R 425 1) R R0 28 R e i A T BT8R e 4 SR R, A R4 /KRR R 1y TDS



3 HhHOKHbER L RRAE

S CIH/(CI+HCOs VE HIRFE, HixX e Ay F B IE R R UIE X o 1% AL
T, T X M R K B4k 22 B B A2 B UK oy 728 RS B0 R IR 4 A FE )
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3-1 Hi#oK Piper —£E &
Figure 3-1 Geothermal water Piper three line diagram
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322 TEEFISE

CITEKEAE AT AR E - A DY WA B B DTIE, & —Fh i AL
PR ER . HCOs /CL Sk B LU AR AR B 1 26 AR I U Fa br, HEE ST
IKTEIRE R K ia i1 B — ek, 24 HCOs /Cl L E B s, JBH Rt
KA TR K SCHBBR IR S o, 2 17 1 R B BN B AR R A B o LK LU AE
a7 T KT 7SR S R K R sh s 421 i 3-3 () B,
{EIBER IR /KB HCOs /ClU R R E LR B ClUERE R, RIFH
PAEIRIERC G 1, AR R TR, R TR B T T B 5 s b 44
Ko 7EE3-3 (b) H, Na'™+K'5 CIZ AL KT & 11 B R R, R TS
XN IZAFTE R A A RIS o TR HE I R KO AR T R Bh 7 i sl BH 25 122 B IR
BEH, A1 AKFEAL T y=x 26 N0

Sy BT KA AR R S LU R i e K A R R At . B 3-3 (o) RFEAR
Ca*" 5 HCOs Z Al R I, Hrh G2 Ml G3 /KFE AL T y=2x Fll y=4x £k [a],
A AR B T A R A I R KA R R B R T 3-3 ()
H Gl G4 G7. G8 Fl G12 /KFE SALT y=2x LRI T8, F Ca* W EEAIXT 8 o
HiGE 3-3 (D FHPLSAT y=x & 77, SLFRTERXEKEFIREEE A E
(CaSOq4 * 2H20) KSR, FIN Ca* 25 T HE A& WMHER, 33 S04 1)
B, AN, B 3-3 (o) HHI G5, G6. G10 Al G11 /KFE ST T y=4x £X11) E
e FFEAE 3-3 (o) XM AWM T 1:1 Lk, HAH ca¥+MgZ T
HCOs +SO” W B RIA L, %I G487~ o i) BEAEAERE IR 3h ) AL 7 AR [ 20
HMHES A 7K IIBA B, ATTRZIR 1 /KRR SO T A

K] 3-3 () JyihFK TDS Jit sk FE 5 BURE bR (1) 58 R BB, K FE TDS
Shrm R R EAAIE, AN R HOKE R HE TDS MG . HEMHHOK
FEVE LA R AI N, SIS KA T —RIKEEH, FUE TDS 8K EIR
BN . ARG T K R AFAS) 73K, S EOK RES A Fis#, TDS i
BRI, S B TR KA A I H R () TDS i SR
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Figure 3-3 Proportion diagram of main ions in water samples in the study area
3.2.3 GRATRIF
FEM R KA A RFAERT T o, B 5 20 A /KR b 3 2 1 I A B AE S R &
X, M IE SRR A (TDS). pHAE. BV SR T /KRB SR S48, 8T

B 2 0 UKL AR Ty M A6 Bl L T 3 55 4w ) B
A0S,
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(1) EVEMEA (TDS)

TDS fefA U= et R K el e S E M & &, —fEEK
PR AT 1 B B R o A X MUK ) TDS & & 5535 e, P15 I8 3271.6 mg/L,
G4 HHZE LT 6000 mg/L. fKIEHT K10 EE 7 brdE, B 70X HiHoK & T
S 0K, TDS B BHE & T8 KK (<1000 mg/L). ZHb#OK EAE S 1E N
KBRS, HETHTLbER T A,

(2) pH A

FEHE KA ZE AR S, pH AE R A b SORE H BB A 1) A0 2 e M %
JE . A X HHROKE) pH EIGEI&E R T 7.80 ~12.41, H{EIL 9.00, J& T HltEK
KA (8.5<pH<10), HAFFGMBIGRAEIA MK BRI AL o I R
T <6 e S P R M JE ik XSz, {HL [T IN RT B B A R B S5 I BRI &R

(3) RfgE

SRS PP AR G5 58 70 & HYE SO i et i B R bR . S &
LKA TEAER R &K Z A RS K IE PR R FE B YA O o B FL X L HAOK I
SR B 2 1A) SR RRAE, 1N 217.65 mg/L o MK HE Hh B 3 T 7K 5 B E K bR,
AR DX b R OK A 118 H N KVEmE CRfifE <300 mg/L), FF&AERUHKE
AERTEELK .

3.3 R EFR (Geothermal temperature scale)

FERIE 5 X AR VP4l 5 R B 7 R Be v R, RS 0SS 3 e 2 L (% 0
FfihlP2, G MR E AT 2L AT 5 AT, Tt B 2R bR Can =
AR Na-K FHE Filbr . K-Mg i brds) @817 KA 5220 55 5 Tt B 1) o
KRER, BEABOTERTIGEIERE . 9k, R0 R R 2 MO a, gz
WY PRI « RIAL R IR 5354 1 7735y b 4 B8 25 P B 1) i 2 S 0
KHETT RNAC TR B TE R VPAL, $RAE 7 RS IR ¥

FEH I ERTF A rh, SiOaHh HR bR A2 T B R B 2 T RS, 2
RAEAK IR SIOREE SIREEZ RIFIC R, SRR AKERRREEPY . V215
LT, SiO A% 5 SEBRi B H A B AR DG, e SEAERR O v 50 H b T Hufiff () 2L
SR, REE RS WL SiOARFRFRZ A, G LRI A
Fol AR R ZVRBUR A TR AR . EREIR AR M 7 S AR T, i X 5 2RI
5 SiOMk RTEE ML (B 3-4), ATLLE HRH /KBRS T 781540
REVATEEARME . Rk, ASCERZREAA T FET T X g ERE, HEAK
X 3-1:

1309
5.19-1gS

~273.15 (3-1)
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X, S A SIOMEME, T NPGEIREE . BRI E BT 4R e
BEAT SiORARTI R, S THEAT BV IR B T=48.2°C. [FIFEM T LT AR
WO RIS N 42.9 °C, H i IR RFIE R I AE 7R3 i VR OG PR L T /K BT

b FRH o BRI T M AR AR PR R IR B, R IEARDGE S . R A UL
i 3-2:

t—t,

Z= +7Z, (3-2)

K, Z N RIEIRIRE, m; t NPGEIRE, °C; to AMERMIERE, °C;

K HUREEEE, °C/m; Zo MIEIRWIRE, m. S5EMHKRTR, FHET H R iR

JEZ)17.1°C, RIEZ30m. HHASFLINR 2R (B 4-1) %0, S8R 3 R A
N 27.7 °Clkm. G5, %X HBOKIE PR A 1153 m.

200

u G2
* G4
® G5
AGS
150 @G10
~Gl11

50 7

50 . 100 . 150 . 200
SiOz(mg/L)
Bl 3-4 T FEIXOKFE Si0 ¥ fif i £ &

Figure 3-4 Dissolution curve of SiO; in water samples in the study area
3.4 ARE/gE (Summary of this chapter)

AT E AT /KA 25 S W R K A e R AL 43 B R DA R I TR
FEREAT /3 br. WEFEIX TDS S &R E i, HMEIE 3271.6 mg/L; PR N
217.65 mg/L; pH {HALT 7.80 ~ 12.41 1y, “FIMEN 9.00. HOAEEIEANH
AKAEF, (HAT Ak Tolk Ak . Hu#ok i ¥ BH 8 L Natfil KPA 3, S
& EfE, HHETAER 50%~80%, T E/KILZISH 3 HH Na-K-Cl-
SO, K#E Gibbs AL, HFFT X HL T /KA B o7 5 52 B RIRGifE R . il
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0B IR LB o0, KA KR RA HCO:/Cl R EW L LK H. CIT &
FER R WRHE, HHOKE DT 7K T ARG, [FR KERERE . AEakash
KA T ARZIRIVR A SR AR TH R 20, 15 21 BB 3 K S JAfid~135
TR 48.2°C, HuBIKTIMEIMARZIS 1153 m, WA JZIRE AN 42.9°C, HEM X
WAEERS EiRIRE A /K EA R .
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4 3R IH 5 B HHE R B EHLH

4 Distribution and Genesis Mechanism of the

Geothermal Field

4.1 $5FLIE (Borehole temperature measurement)

B LI 4 AR AE M R s o 5 R o AT, 2 R DX el b I 3 A e B4
AIEEMI B, FLRBME IR NHZE Y8, R B DU 5 0 (B0 A [R]85 Ak P T P 28, 1%
VT IR AT L s DX P MR PR BRI KSR AR, SRt ST B B IR Y o A A
TR IR S i 5T ) 1 S5 42 A4 18 S P 54 R Al 501,

AWFFELMSHIER" 6 D453 (G1. G2+ G3. G4. G9. G11) (Kl AN
B, RGEHIFRE T 0~1265 m PRBEVE A B HLIR I FRAE MR o 28 FABH FEAR 1
5L, WX S IR AR (22 A T 24~32 °C/km [X[H], FEMACEI98E 5N
27.7°C/km, AbTFIEH MR E X IR, WK 4-1 MR B, G2, G3. G4, G9
K G H IR E-RE R E 2 RIFMEEXR, FEIHERERMES
B o3 AR, 8T XU AR TS ez i) T s 2 A R 4. R X I8
M) BALHI LUA A 2L NS, RZEE TR

78 G1 IR £k b, BEE VR 0, iR ek B (e B s/ . GG h 2%
7E 500~580 m PRI AEE /> MRFAE, 7£ 500 m JHIR DLk i i I8 B
35.9 °C/km, &b T mrthigBh Bk, T4E 580~1026 J= Bx N iR #h FE A K
23.5 °C/km, FIRHFEMEIL 34.5% . 7k SISO FASWARED 2R b T+ (1 R /K2
ERHIR T R ER R BEWMET EREEN T S RP TESARRT,
ZIX IR KA R AR S KE, NHROKIEIR RS T %44 JBHAE G1 HFT
TERIRE AL, BB R VKIS Sk ) 7 R -8 R KB R AR
N, TERREE K JBCRIBIE . FHEET DAENT, Gl RS BRI R TRk
JIBRR, SR T KPE SR T HE R L F . 75 500 m BAk,  Ris#AUK
AR IR E ORI RIRE, TERJRAHR T AL 580m LARZ B, MK
Tk S B Ak B F, SEERRUR 2 BCRN, I H Hi A B 5 I
LG . ZHIRAFAEIIE T A E R R B “ R SR A A H IR
R, HONPREAT X Hb A S DR 5 B L AE B R $R At 1 EE B K /K SCHbBR ) B Z4E
e
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Figure 4-1 Temperature measurement curve of typical boreholes in Xinhu Coal Mine

42 BE1H (Temperature field)

WK, EVRERKEE T, HBEPECER (UL Thy KD &G
(1) AL 55 5 (AR X A /NEOLO2T e Al G S AT DX sk P 11 22 A LR B a1 AT
ST, FERKIHEAE K ENFEIHIE IR Bk, 77 CUHENT 2 X ) b 2
T BRI T HUBRVRHS, Wik A e S RACHRAE B AL i 2 TR
FIE e W R ALBREE R, AFEE AR SRERRA T 2R (£ S HE
B A, DRI AR A B A B I R A

SEA RN FLINIR 45 SR i N AL, DARESRAS 5 I I X M i F o A P ([
4-2). AR L, FEWIRET R B BEE Y 22~33 °C/km, 4 X P3RS B AE N
27.2 °C/km, AT IEH MR FEE TGN . (SHER L X N4 K ER NIEWZ, Gk
PERGR A VE BRI R T R AR Sk e S AGETE . A FL R T B A 2R3,
T A X IERTZ, B 1A 45 70 500 R E S8 « A7 F1BHZ Pa AT Fo W2
A X, MR AR FE AT B, R4 30 °C/km LA Eo F9 W= T % 408,
MERKTE 5 km, HUUCXIBIEWZ%4, MBI E; X b 2 5
b, S AGERAE LR AR PR UK o A SRS 7 A R AE R IS W L X R 2
(1) B Pl 22 25 P AR S IR WA I 5 VR A R A B T B R i P X o o — 5 T, A X3
PG R 1380 R, H R oK FO W2 DAL TR iR B va il s B, S5
Wi 20 Bt PR AR BRBK TR R, T RS () MG B B IX, Sy S Y
7 247 TR b I S A R
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Figure 4-2 Geothermal gradient distribution in north area of Xinhu Coal Mine

4.3 WAL EHE] (Genetic mechanism of geothermal system)

it Bk, EEYIFITTIX RERFIE . W2« 1R LUK SCR AR IR kil
b, GG X mthim B L B o3 AL, AR SCIR 15 IR AR R ST A B A
A (B 4-3) 0 JBIX v il o 2 I ot el VR T AR (A% 3 5 oK B R A
FIILRISEMT IS5 R, IR AL AR RO AR eIt 1 RS 0E IO, i 24
KBS FEAE e 2t 1 BB AR A 55 o0 A » e [RSEAS A IX A St B 5 52 T v F
RFIE

BEWIRE LX) 2 K B kI A Sk K IE W, A F R AL SR 7
KT DER: . BEARMEZ NIRAFE B IR BB R A, XS R 3L RIS T
JEX iR B IR b A il AR TR Sibis, BCa R s e %,
e R U AR A 5. HRES I Se ISR B IR RSS2 AL 3 #vE, BEE
IREREE T, K TR TR Z TR E KGR, IREZI0 48.2°C. T
T A FAAE A BEAR T 8 P, s OR D i8R AR e, RIUVE IR Z a3
lE b ROK . HHOKITEMARZ L0y 1153 m, FRAEARITRE 5 F A gt
17 7 7 AL, NI T iR K . AR R IR A, I
R KAE S AN S L RIVE R R, W5 UK R (B0 F9. F1 =) BTt
FEUR 2 I AR IS [ AR 02 3 B2 A DX B IR A P 2 S I A B R
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Figure 4-3 Genetic mechanism of geothermal system in north area of Xinhu Coal Mine

AW FEH T COMSOL Multiphysics SR 1 K-AAE & BB A, S/EE
W E 7 5 i I A3 AR B RS Ik, A3l A0 2 S BE PR iR B A% 3 55 W R oAt ) [
VERILAL, FF vt IR R G s AL R AL R A 2RI . AN 4-4 DY R Gia
AN R EE BT I, AADLSE R o, T R A R BB IR ELE I 1R R, TR
IR WY TS, AP A RS IME S, ERINAE FI. FO Wi/ A1 L HERIX
S PR R IR S LR, TR T SRR R X I RAT A B 2R AR T
) i TR TR K I W R I, 3 B R G SR AR PR RO HE T . RIS K
R AT R G5 T AR AL TR (SRR, TR AR A BRI A R R U 41
il VAR R SR RS ISR R AT S R E A R B A ]
DGR I B USRI AR FH SR BE BB AR , T D92 X (A H # R Ge it 7T 2
HHES%.

25



4 i3 o)A RHE SRR L]

mE/°C

j 37
-1000—

-1400-

B 4-4 fZ IR A DXl 2 ) T 1
Figure 4-4 Temperature profile of north area of Xinhu Coal Mine

4.4 ARE /N (Summary of this chapter)

A TE SRR A 5 DX S A T TR, AT TR X R 3% 4 A AR,
7R TAB IR I X th B8 R S0 0 e R o 7S Dl bR AR BEAE 0 AT T 24~
32°C/km [X[f], ¥&AASFIIBEEE )y 27.7 °Clkm, AT IEHHIEREEX . Gl HF 580~
1026 2B W HBIEBR FEACH 23.5 °C/km, 3R BEE N 35.9 °C/km, BRS W #
BRTE, REAW I IR EHE 2 AEAE R /K B, I T Huil i 3R 1% 5
B AL X W E % 4, HulR b FE A R A B R &, ok F1 W2 DA &% FO iy
JZ AL XA B2 e S X, MR AR B R AE 30 °C/km DL L. %95
RFAIF A2 FH IR AR R4 1 FH 5 RO R A F 6 (R i e 2 51, L R A
B FAE R AR IR G- T R B RIE, 1 Hh K B R AE i — D ik
TR )R AR
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5 WRARFRSBRFAFTR
5 Scheme for Cascade Utilization of Geothermal

Resources

—+—

5.1 i XEEE#A STy (Heating load in the mining area)

EET XA A ATEX S EFE XS, A X T BRI A BSEE
EEH, R R I EETAELTRIANE. AEXNARFIR A, T,
PR 75 SR A B N R e HLARR BRI A K o A 72 X 3800 Ve 4% 76 JE Sl 7 kAT 730
e, TEIBAT IR At 75— B FARE 4R RR 1 AR ARIEVEILH AR A A 4
P B AR AT, S W B SR 81573 kW TE & Il Vi fir e K, 14
3140kW, AT R 38.5%; ARSI EN N 57T5kW, St/ A

REHE MR 5-1.
R 5-1 (G AR P A Fur Ge 1164
Table 5-1 Heat load statistics of Xinhu Coal Minel¢*

K5 T AR /m> PA T KW HE
AN ¢ 11500 575 S——
BEAEM 12230 612 AU IHIPAZIRDE
) 50 W/m?
BEEEERT 14540 727
TE& 15 / 0 L i
N s L 22 285 PR 4% 1
fE& 25 / 0
Tid 35 24200 1210 P
e 4e 18600 930 AT AR
50 W/m?
16455 20000 1000
AT AR IR TR AR
Tl g% 20000 1200 BBt
60 W/m?
A / 1903.3 /

5.2 iR E{ESE (Geothermal resource reserves)

A GB/T 11615—2010 (HbFTE ML) EATE Y, A SCR A B At 5T R
PR R 2 A5 FH B B A R Ak SRAE WA M P BRI A B AR RS A — o R
T3t Z P EL S B S A R B 4 LV, BTV N T R ISR 0T
IR AR B . Fod i Ak it 2 A A AL A R g A7 B =, FEE SR
FLHGHT Y, NI HES LA R G0 R BRI, A LA 5-1:

Qow =AH-[(1-9)-p,-C, +¢-p, -C ]-(T, - T)) (5-1)
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L, Qo NWHATE R, ks A NARMIHN, m?; H AIGEZEE, m;
o NBGEEAIILIREE, %: p, AMEE AR, kg/m’s C PGS AL
WIE, kKI/(kg°C); p, NHUHUKIIZEE, kg/m®; C, AKMILLIEE, kI/(kg°C); T,
NBGEIREE, °C; T, N4HAEF5<R, °C.

PERT WA, (SR HETHAN A N 217.01 km? (7, ZE& 455 ER, BE
AMEEE HELS00m. £rif] DZ40-85 (M IRIEN L) R 4, KAEFEEp,
HL 2700 kg/m?, KA EL#ZF C B 0.921 kJ/(kg-°C). #HUKEE p, HL 1000 kg/m?,
IKHTEEIAEE C, B 4.2 KI/(kg°C). BRM R HIFLBR 2% & D018 AR e A6 X 482
1B 2.76% 8, IAiif 2R 48.2 °C, fHIR W IR 17.1 °Co M HHRARN A A KA
ZHER B R BB RN 8.55%10"° kI, & FrElEZ) 2.92x108 M, #k
g E M, HABCKIIFERMME .

5.3 Hu#R#EI/FT R (Geothermal heat exchange scheme)

Wk 5-1 fios, AT ERMIAFERGE, Dt~ #UKO R @b AR 0]
IRz, ARGl LT D0 F A IE AT 45 74 -

(1) HHACKIERS

EENT IR B [ A P IR IR S5 A o Bt AR SR R BEARIRS
TRERR, RN 48.2°C, HEREARNY 250 m*/he IR [F]JZ (RIS A
DR S 20 2 5 0 P4, T BT RREE A oK K- R E S 25T R 5

(2) FARHAEE RS

BE 2 NI E TR RS e SR R Ia AT 4, BRI U, TEmRREb %
LI H S B R e A

(3) BEHFIH RS

P PIIAREIRICT %6, SKBLREIRIIBH L I S R 1D — R E R
IRETC o K — PR B IAES HEAT B N RS, A ORI 4a 166 B3R %
45/35 CCRIEAEIAK, 962 R FIELAL AT TR 2) MR ATT. K
IR B 2P e A B — Gt it de 5 RIS s AT Tl R B A
IR, R TR FEGETHARE A AL, [FIRE O RIE AR i S 1t 45/35 °CHIR
R FATK o

(4) EHMIE RS

K AR E W 4iIE 45/35 CCHIPBLRRA Yo, 38 i 58 0 AR S 55 X AT R S A 45
BRSNS A . R BB S A-FAT A, MGG H 3l
WA SCERR E  C .
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Figure 5-1 Geothermal heating process

5.4 B#3tE (Parameter calculation)

541 —RIR AT

— PR ARSI I M # UK (48.2°C, 250 m*/h) BELFEMLH, &tk B
48.2 °CF% % 36 °C, — AR A A — IRMIIE 2254 12.2 °Co Hi IR BRI Fi A7 A WL
X 5-2:

Q, =1.163G-AT (5-2)

X, QA—ZM ISR ML AT, kW G ABFUAE, m¥h; AT
Nt R 2, °Co RN EIREHE, 18: Q,=3547 kW.

5.4.2 HRNLA

FRE AT AR AT BT 25 5, A5 WA AT 72 X LR 2R G0 1L U1 e AR A7 AT B A
8157.3 kW. ILF B it — ZA U A28 RG0SR 3457 kW HI#VERAILSS, il
JEAT X REARGERE 755K, el R A Ak 11 75 I = RO B T A 7R o TH B A2 L
X 5-3:

Q.z = Qu —Q, =4700.3kW (5-3)
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543 ZRIRI\HRIAET

NI IR GIR I BEEAIN, RGERA PRI T Z: — PR AR 58
WK IR NG, KRS R R G RIEA 5To KIERRHLAE
RSB RGUINT1 0T, AR TCR IR ERE R 2 (COP) O 5 MIHLHZEAT &

Gttt . MR A RS TR AR IH I A% B A g LK 544
COP-1
= Qs 5-4
Q, COP Quuse (5-4)
RN EIRBHE, 5: Q,=3760.24 kW. HiL 7 #CP- 7 e S s it 50, e
Hin P K 28 Y 5 B i 2R B 28 23 °C, Tk 2 (M BB I b BT B A AR YE ) (GB/T 11615-

20100 FF R R /K (BT (Y I P A% A B v
5.5 EE & ZIER! (Selection of main equipment)
5.5.1 —RIRF AT

WA e R 2B R Se Bl oK 1 e B AL, HAZ O R il
SURR R 2 s B B T B SR = o A A 8 3k v s 5 o s R (PR 4
B E A 5 S AYEHES], ARATAR (8] B i AR e 5 23 B T AL RE , R
SXHE A 58 20 T Hf R RS A 5 4 1) 2% P SR R AR 1L T0) RIS AT I, 48.2 °CHb#
KE 35 CCIRMHERR K 73 A2 DU F 43 BLFL S AABARBIEIE, 76 0.6 mm B (8] B
PN T SRS T8 R B, I i SRR SR 3 1 45 ) 7 A B 3t A S8 S R A A 4 o B
LRSI — YR K IR EBR 2E 36 °C. ik Y /K IR BE T4 45 °CHH it e .

A EBEIEAT=12.2°C (— KM S5AT=10°C (M) TR IS
BN 3457TkW. Sia RGEBTHITEESR, SChrit M FTHHIE 1.25 5 S, T
SERCE PG HBOEAT IIBGRIRES, SRR 7k 4400 kW (2X2200 kW) . £F
X ML IR S BRI S AL R e, M R TA2 ¢ Tolkaligk, Hoiit
CUJBE it e 1A 2 GB/T 3625-2007 FrifEEEK, WIHHLRTE pH fH 6.5-8.5 T T SEH
10 J3/NBLERAR e 18 AT A o 108 8L )7 R BETH A2 GB/T 29463-2012 (AT
Heds) BImmEEESR, Y554 DZ/T0261-2014 (Mt R TR ARIMTE)Y ok
T A1 B i S 2 B AR R
552 ZRRFNImAE

BT T 2ZRBES ST, g iR iGs B iR &8 3760.24 kW. N
REXT SRR THLESN, [FFER 1.25 #5122 KRBT &R R . BB T RNk
W G MASLIE AT IR SR LA, B E G 2350 kW, EHeFiEeJ1iE 4700
kW, AR T2 HRRIFAE 25% M0 RE . W& IRMHEKIRE N 36°C, —iX
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Ml /KL 23 °C, #2238 13 °C, —IRMIFE KR E 15 °C, — IRl H /KR 23 °C.
ST KBUE N, TRk AR

5.5.3 #REHNA

IR THISAT KR AR B, FLIE R A 7K - /K 6 PR =X S 3
AP ET /AT . ERI AT, i AR A S HoK 5
IRGEAIEIR TR ) ) TR e e 34, KRR b H oK i IR RE IR 5 78 22 RIBE K R 555 il
A UL M [ 3E47, K2 /K R G B HGE I A F1K [ % HE AT HE 72, 0t
PERHAFTIRME 47003 kW HRAGR T K, SWRIEATHR R I BIUG I & J7
%=, AW EHIREE TN 2360 kW AL IFECIZ1T . FTIENLZL COP 4 5.0, X
B TN TN 472 kW, FFE ZRAESbRIEER . I8 R G S50k
THA: AR 8 cCifvii ZRLE, H/KIRSE 23 CEMM)EIER 15°C; ¥
AR E 10 °)CE#HGE 2, HE/K 35 CAHIEFHRE 45 cCLBLIMAEHH

5.6 fEHEREY (Carbon emission reduction benefits)

S BEML RetA RAR LG, MBI AR AR AR B b R I B3 AR S
Man SHARGET R T AL aE N, AR RRERE SR
BI AT LLAL GER AL AT R 30% LA b, AR fE G SHa B it fe v, HigE sAtEE
BRI Z2BH XSRS AT, TR 120 RiFSEFERE, P fERE 77 =ik
(035 AR R 5-2 Fs . AHECTABEAERE , SR A oK LIz ] ol X &4
/D> CO HE 5266 t, Wi/ SO HEIX 73.4t, I&FRAE G A& 97 T/t 1154, FHEERR

HER R 2 51.08 37T, B RAF 25 et , HAT A B W Rk I BOR 2K .
R 52 SR AR

Table 5-2 Comparison of pollutant production

. (37
TR A Hh
AL H IE/}10* G 8.457 8.457
CEMRBRIE R/t 2911.8 0

SEFEHL /% 10% kWh 36 272
TEHLHTRRE 117.7 889.3

£ SO, PR E /M 103.9 30.5
HENOx PP A 24.5 7.18

T COx P EEN 7454 2188
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5.7 ANE /&5 (Summary of this chapter)

A AR BUE T B S W BRI RS AR R, RO T X
RERBL IR T 5. 2H AT, (S BRI R ICE BRI B RN 8.55<10"
k), JrEPRAEIEL) 2.92x10° M, BA BRI ROE - 57 XS IR 8157.3
kW o AR AR S AR IR S R AL R 7 SO AR, BTt 2B R &
250 m’/h, Horh—ZitR A R IR AR 3547 kW, — IR KR RE 2
36 °C, Rl A AR 1 E R AL AT #h 78, S & HOK IREIR Z 40 23 °C.,
ZHIKALRE 7 Z AR X BRI D 5266 t COL HERL, BRAERRIRHR G20 51.08
Ji7t, BAREFET A, HAFEE SRR BERE K.
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6 RERIEEFRALRE R
6 Numerical Simulation of Heat Extraction and

Energy Supply from Limestone Thermal Storage

6.1 JL{A[#E8! (Geometric model)

AHFFAER) COMSOL Multiphysics FEFUEAE A B P 2 A #vhid AR B2 R T
IR RRE T, DA RS I S R G FHAE IR . W 6-1 B, Bl
B A7 X = 350 T B R R, T LARRST 9 1000 m X 1000 m X 800 mo 4T+
ZIERERN, EHATH RO . 7 BRI,
5 ERE R E A, BoE HREERRE 53 728 400 m. 600 m. 800 m A1 900 m,
TAk AN [ S ) B 6 A B IR R ] RSt (o o 2B 77 5 [R1E R A R )2 e,
Y A o T 70 O N\ VA 2 Y

b T
WE
A |
i ReE =
Y o S
g
o v
1
f— 00@
1000 m —3 30

K 6-1 BALRER
Figure 6-1 Schematic diagram of model

6.2 THI5#E (Governing equations)

AW RHABR e 7%, Bt COMSOL Multiphysics “F & SEHLA PH EE (1B
) 520 e GRIEYD BIRETHE, NEZPKREN 0.2 4, S5
I 50 5. 0 77 2 B 8 ST DL Rk

(1) AR IR, BIERERT & T E
(2) 28 R-TURE B ik B Ak 27 S N 5 AH AR S
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(3) [-ife A A R R, AR MR A S T AR, T RE
PP A

ZITERRE A R T AT A I AR P AR R AR, AR BEUR R R
RIFR AR . RAA P e i S gt AR A o R KB R, Wl 6-1. 6-2:

u=——(Vp+p,gVz) (6-1)
n

o(ep,,)
ot

A, u NETEEERE, m/s; « HEABIESR, 10°um’; p ARAES) IR
JZ, Pas; p NFLBE T, MPa; Vz Amfebh T M BALRE: S EABIFK
AR I AR, BRAL kg/(s'mP).

SRR AT R, SR 6-3 RAEZ AL L Pad 72

[A-¢)p,C. +¢p,C, ] %r +p,Cu- VI =V(AVT) (6-3)

R, Ay =(1-p)h, + oA, WM TR, A, WEAATR, o, ARERS

o XTI IR AL 7 ORI R 2 RS R RAE, R 4Bs B A - i
AL T A

+V(p,u)=S (6-2)

6.3 B¥I&E (Parameter setting)

oAb H 3 ZR 45 ) 2 B B A S K I ) . SR AT RE SRR ok . U
mmyEMMn,%m%$%EE BT S AR S E, AR R R R
PR T B, IEKFARBEIN [A] . B35 2R )2 nT R R T 7K 3l 5 A #e,
@mﬁﬁfﬁkmlWWﬁﬂﬁiﬁﬁL%ﬁBmM@%Emwf&$#@ﬁT
b AR A A DRt B SR T 5 B A IR B RO S R, AR I ) S A R
FHIZ, BRI BE U 8 % A2 3 P YR A3 AT R, I8 KA s AR PR . S 2R3
SR TH I 38 0 AR 2 40 R A SRR I ], (LR B R K 1 IR, WA Bh TR K

TR RTHF S A A U7 AR SCRAR I S 2 HB0E WA 6-1.
R 6-1 BALRESH
Table 6-1 Key parameters of the model

e 24 Fik A
S/ kg/m? 2700
R BB/ m? 410
TR/ W/(mK) 3
18 JE ¥/ T/(kgK) 900
B/ kg/m? 1000
RNl PL#AZ/ T/(kg-°C) 4200

HEE/ W/(m-K) 0.59
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43k 6-1 BATRHZH
Continued table 6-1 Key parameters of the model

R ZF/ m3/h 250
[ E R/ °C 23

6.4 L5R 54T (Result analysis)

ALHET COMSOL Multiphysics LA REAS [ H: (8] PR R A # i i E3
PHEAL R AT T 8 2501 Bl 6-2. B 6-3. Bl 6-4 5] 6-5 4371128 400 m. 600
m. 800 m & 900 m F[HFE T #uhift il FE 375 1 (1) r A Fe AR ] . A7, 7E 0.2
SRR, BT RKENE R A, S FEEEE T IR AR B B, A
eI DR AR . BEE BRI E K, A K IIE TSR A W K, HpT
P A B WIREHE T A P . 400 ma 600 m. 800 m A FE ) THLAESS 50 4E
IF 3523 7 RIREH A B R s m H B AR, Hd 400 m L FHIW B O TS
BRI, ARG BN E . AN 900 m B, A AR 50 AEN
IR AR BRIA T, P EATF R, 48 LT UE W, e 1] FE 6 $ S I 1) % R
IR ZE B WA R, Y (A PR RN IEI/P%#/\%*EJZ R, T
JR RIS TR IR R R s [z, BRI R W AT A WA SRR L 7R, SERE A
TR KRR .

m
1000

e AT

m
K 1000

=

900 320 go0} | W 320

800

|
700 315 700 1 315

600

310 500 | H{310

500

400

300 305 300 | H 305

200

100 300 100 300

m
K 1000

=

320

800
315 700 315
600

310

400
305 300 305
200

300 100 300

0

6-2 400 m F[8]) 5 HAvhitg a2 5] T

Figure 6-2 Thermal reservoir temperature profile at 400 m well spacing
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m m
K 1000 K 1000
320 900 320 900
800 800
315 700 315 700
600 600
310 500 310 s00
400 400
305 300 305 300
200 200
300 100 300 100
0 0
m
K 1000 K
320 900 320
800
315 700 315
600
310 s00 310
400
305 300 305
200
300 100 300
0
0 500 m 0 500 m [ 500 m

K 6-3 600 m FH[A] FE T HAu i iR R ) T 1A

Figure 6-3 Thermal storage temperature profile at 600 m well spacing

m . . -

1000
900
800

600
500
400

0 500 m 0 500 m 0 500 m

K 6-4 800 m F[A] EE T HAu i iR R 3 T 1

Figure 6-4 Thermal storage temperature profile at 800 m well spacing
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m m
1k 1000 1000

1 320 900 320 900
800 800
1 F{315 700 315 700
600 600
1 H{310 500 310 500
400} |l
1 H305 300 305 300

300 409

m
1000

320
315
310
305

300

P 6-5 900 m H[A] B T HAu i iR R ) T 1

Figure 6-5 Thermal storage temperature profile at 900 m well spacing

i 6-6 B, 1E 400 m HFEFETTHCT, AP DR 50 FEEREE
36.99 °C, BHIUGILE N FE 11.21 °Co AR STHEE iR E T P 1 CCRIAR 9 A A= R
DU ) A2 P B AR A, TSR [A) 0 17.1 48, WOt A= 3t IR R
IKPOHIT A 22 A 77 I, S B T R AR 2 2 A T 4 J R R BE SR & 600 m 1,
50 I [RIEEH A Bt DB AR P2, HOH DR 43.38 °C, I B 3 okl i 4
A 4.82°C, HRNAER R 26.8 45, HF— B3 KIFHPEZ 800 m I, 50 4F
Je IR R 46.39 °C, IRJERENE N 1.81 °C, XN AIRAE AN 42.2 4. 43I
[ R — 24 R4 900 m W), 50 )5 MAEIRAL N 47.23 °C, AUEVIGHIRE T I
0.97°C. fEIZ LN, #ffiR AL RIEBIIRAARHE, K 900 m 7] BE fefi%
A BAERINTERIIFE, P8 = FAfilh T IR ) P RS RAEFR
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Figure 6-6 Temperature variation curve under different well spacing
Nt B 7R AN [ H 1B R P SRBB A A I R BE S I, AR S| T
400 m. 600 m. 800 m H: Al T A A= AR N (I LT 1T (P 6-7) 0 AEADLE,
BoR, AEAFEEE S B A B R A A RO AL E N, PR R A T
R v WICIRAEAT RN ER 254 T, AR HRIA AL P AR R T R G AR
AL L, 7T A SE 5 B b B R ) oS At R B S A AR B 2 T - i S )
IR, B BIAA P FH N RIS, i IR BB /N, T A R
DeINROCERE . PRIk, 3 B I B] B T R R IR A PV, AR

PLARRIRAR B ISR ISR, T A S HE 27 1 P 17 3 o 22 1) H HY

i FE/ °C

B 6-7 AN[F)H [1] EE AR S et ) v P&
Figure 6-7 Profile of thermal breakthrough temperature at different well spacing
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HE R 10] BE S 38 0 A A 87 T B A A, (H I8 e K R N [R] 5 {02
HEREFE, VhmT T A PN ISR AR o 25575 18 7 it L MEE 5 45 LA,
AR 900 m [ H 8] BEAE A i T7 R, IR R G AT [R] 284K 22 50 4,

6.5 ARE /e (Summary of this chapter)

A FEF|FH COMSOL Multiphysics HUEBAL AT VEAN T A Bl TFR K T +F
VR, WEAL T AFEIFEEEE N R ARG S ), DGR 8 T4 FRAIEER R0 IEH T
YE 50 SE R EARIEIREE . BT RAY ST 9 1000 m X 1000 m X 800 m, KA —
f—#E. 100%[EZ EERIRE, IS COMSOL JTIATHER (Bii)
H5Z AN PifEH GREY)D WG ITTE. 4R 5K 400m. 600m. 800 m H:[A]
PR TOLIESE S0 ERT 35 A 1T 3T, FATRBEI 8] 40 5008 17.1 av 26.8 a\ 42.2
a. 1M 4FFEIFEY K E 900 m B, 50 4FJ5 #EIRE A 47.23 °C, BAHIMHIEE T
0.97 °C, RIEFIFRTBARME, FKEFE 900 m [ H: 8] BEFFRAZ IR 18 )2 Hh 3k
K RZHL X A BT IR = RO AR T B KR
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7 &g
7 Conclusion

FRE PR L M P TR T s 2 R KRR T A R ) B R 4
R LLLZBB B IR ZH BT AN R, S56ria - RS L K SCHRT 5 K&
BB S 2 2R 7, P2 XIS K (A A R A LR R s #ig iR
FE R G IRUR BE SR EAT T VRN AT o [, 30E— 2D A B T4 DX LI A P55 o A7 LA
R TAEEN MR G B AR M. B, AR T Hh AR B RS 2R
T %, TS B AR ) B M 2R K S B A SRR TR (W AT RE SR AT VRN - 15 2
PAF EEL R

COVEIEHE S W oK pH A 7.80 ~ 12.41; 14 LB & 217.65 mg/L;
TDS $#4{H4 3271.6 mg/L, J& T LK. H#OKFFHE F DL Na"fl KPR,
FHES T EEN ClIy SO . HCOs ™, Hu#K A 3 B Na-K-Cl-S04 . 7K1k
3BT Gibbs BEBRIR T KRR 22 o 32 B2 28 R gz, B RX 247
TE R IR AN L R K BRI A

(2) BT TARIURN SIOHPEFR T HAE ZIRE, S B R K
FAME RN 48.2 °C, ML KFIGMEIR IR LR 1153 m, NETIRTEH A
AR, WA ZIREN 42,9 °C, RFX NAFLESHE Ml N7k EFHIE R

D AF AR Hh IR B P AR RRE B, 45 X P MR A (BN 27.2 °C/km,
AbF 1EH MR RE EE VO Y o AR AE F1 DATE B FO LUIRAY X 45, S B F e i HL
SoKEZEE A, HERMICE P AEERORMK TIBR R, 32 (1) 4% $A 8 1
L o v

(4) (ST M B R G BRI B R B, A IX g MR o FE A AT RFAE 2
FURPIERFAE « 72 R0 2 23 (B EC B 25 A 52, A5 2RT OR 1 B P 28 2 R A 2 M
FUBEE T AN E K T A T R A o TR AR SRR N R AR T AR
SE IR, T O RATK BRI E PR T A ) e 2 A

DS IBE P 5 R Bk 8.55% 10 kI B [X il 7 #A H i v 8157.3 kW,
¥ 48.2 °CHIH K IR & FAIE RS0 mT i 2 FEA MR T k. Bik—H—#E. 100%
[FIE. 900 m FHIHEEFIH K5 RATRIE A R S8 50 SEN AR AERTM, A X
PR HEE R S5, I B T Y Bk R A
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Abstract

Deep underground mines offer a great potential as low-enthalpy geothermal
resource to be adopted in direct regional heating. In this paper, a parallel horizontal
ground heat exchangers (pHGHE) system is introduced to utilize the geothermal
resource in deep coal mines. However, the sustainability of the system in a long-run
performance has not been well addressed in the previous study. This work presented a
quantitative evaluation on the long-term sustainability of pHGHE system installed in
backfilled stopes of deep coal mines. A novel numerical model is applied to characterize
the heat transfer occurring between the horizontal pipes and backfill stopes. The
proposed model was first verified to an analytical solution to determine the model
reliability and accuracy. The validated numerical model was further applied to a typical
underground backfilled stope of Anju coal mine in China. The results demonstrated that
the maximum sustainable specific heat extraction rate must not exceed 40 W/m to
maintain a 50-year exploitation period. A total thermal capacity of 17 GWh could be
realized during each extraction cycle under the current conditions, which could provide
heating to more than 170,000 m? of residential building area. Accordingly, sensitivity
analysis was performed to identify the key parameters influencing system sustainability.
In addition, the effects of groundwater flow on the thermal interaction and long-term
sustainability of the pHGHE systems were examined. Groundwater flow can be
beneficial to the long-term sustainability of the system. This work confirms the
feasibility and sustainability of geothermal resource utilization in backfill stopes of
underground coal mines. The insights gained in this study can provide technical
guidance for the design of geothermal systems in similar coal mines.

Keywords: Geothermal energy; Deep coal mine; Numerical modeling; Long-term
sustainability; Parallel horizontal ground heat exchanger
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1 Introduction

In recent decades, fossil fuel has served as the principle energy source for space
heating purposes in numerous countries worldwide. Particularly in China, a heavy
dependence on coal for heating purposes occurs, accounting for 83% of the overall
heated area (Li et al., 2020). To achieve Carbon Neutrality aims, a notable reduction in
energy cost and carbon footprint is expected stemming from the utilization of renewable
energy. In recent years, many deep coal mines in China have depleted their resources,
and hence about to be closed. A great deal of underground open space remains after
mining, which comprises shafts, tunnels and backfilled stopes. These mined-out areas
are sometimes flooded with water from rainfall or groundwater. Due to their relatively
high temperature, the deep mine-out areas have been considered as good geothermal
resources for building heating (Fraser-Harris et al., 2022). Geothermal energy is an
environmentally friendly and sustainable energy. It has been widely adopted in China
for regional heating purposes as a clean and economical option. Therefore, geothermal
energy extracted from deep coal mines exhibits a great potential as an environmentally
friendly heat source (Thomas, 2017).

Geothermal energy recovery from underground coal mines offers remarkable
advantages. (1) Major economic profits could be achieved since no additional drilling
costs are incurred. The exploitation of geothermal resources from coal mines for
regional heating could offset notable economic costs. (2) Via the exploitation of
geothermal resources in underground mine areas, the temperature in these areas is
reduced, leading to further prevention of the thermal damage risk.

The application of geothermal energy extracted from mines started in the 1980s
(Farr et al., 2016). One of the pioneering studies in geothermal heat mining involves
the Springhill project in Canada (Ghoreishi Madiseh et al., 2012). Mine water with a
relatively high temperature was applied to heat a factory with an approximate surface
area of 14,000 m2. One of the most successful projects involving mine-water utilization
is located in the municipality of Heerlen, the Netherlands, where a low-temperature
district heating system has been in operation since 2008 (Ferket et al., 2011). This mine-
water project has been upgraded to a full-scale hybrid sustainable energy structure
denoted as Mine Water 2.0 (Verhoeven et al., 2014). A typical flooded mine in the Upper
Peninsula of Michigan, USA, was established to examine the use of mine water to heat

a 15,000 ft* (1394 m?) building (Bao et al., 2019). Over the last decade, numerous
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demonstration projects have been established in the UK to evaluate the use of
geothermal energy extracted from abandoned coal mines (Burnside et al., 2016). Mine
water originating from the Markham Colliery is now used to heat site buildings in
Markham, the UK, through a ground source heat pump (GSHP) (Banks et al., 2019).
Attempts to transform underground coal mines into geothermal resources in China
started in the 21st century, and currently, most of the project implementations remain at
the planning stage. A geothermal recycling system has been built in the Zhang
Shuanglou deep coal mine, China, for the purpose of both cooling and heating (Guo et
al., 2017). For a detailed summary of the existing projects worldwide, the reader may
refer to the review articles by Hall et al. (2011) and Ramos et al. (2015).

Generally, geothermal heating systems installed in coal mines can be categorized
into two distinctive types, namely, open and closed-loop geothermal systems. To date,
most aforementioned projects are open-loop types, in which underground water is
extracted to the surface from underground mine cavities. Research has extensively
focused on the thermal performance of the open-loop geothermal energy extraction
process (Loredo et al., 2016). A 3D numerical model has been built to simulate
groundwater flow and heat transfer in a flooded mine in Canada, and further
optimization has been conducted to improve the maximum heat extraction rate
(Raymond and Therrien, 2014, 2008). Rodriguez and Diaz (2009) presented a
semiempirical analysis of the utilization of mine galleries as geothermal heat exchange
conduits for space heating based on a doublet mine-water extraction-reinjection form.
Guo et al. (2018) estimated the geothermal potential in abandoned coal mines with a
dual-porosity model considering the effects of fractures. Perez Silva et al. (2022)
conducted numerical simulation to assess the seasonal thermal energy storage and
recovery potential in flooded coal mines, and a financial analysis is made to reveal the
economic perspective of this technology.

Although open-loop systems are scalable and sometimes more efficient, they are
sometimes related to certain environmental risks (Banks and Banks, 2001). Mine-water
pumping and reinjection may lead to pressure buildup, which may cause mine shaft
failure. Furthermore, mine water usually includes abundant mineral components
originating from coal, such as pyrite. The oxidation of pyrite results in the acidic mine
water and has a potential risk to pollute soil or groundwater (Banks et al., 1997). In
contrast, increasing attention has been paid to closed-loop geothermal systems (Banks

et al., 2019), in which mine water is not directly in contact with the rocks but exchange
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heat via a vertical or horizontal clean-water circulation loop (Lund et al., 2004). In
particular, mined-out stopes offer a great opportunity to install heat exchange tubes
prior to backfilling. Ghoreishi-Madiseh et al. (2015) developed a novel idea involving
the installation of vertical geothermal heat exchange tubes in backfilled mine stopes for
geothermal heat extraction. More recently, the horizontal ground heat exchange (HGHE
system are becoming more widely applied. Li et al. (2020) proposed the installation of
horizontal heat exchange pipes in mined-out backfill stopes in combination with
seasonal thermal heat storage. Zhang et al. (2020) established a numerical model in
Fluent software to assess the heat release performance of a single horizontal U-tube
buried in a the backfill of a deep mine. Al-Ameen et al. (2018) investigated the recycling
potential of low-cost construction and industrial waste materials as potential backfills
in the HGHE system. Furthermore, an economic and comparative study was performed
by Mohammad Zadeh Bina et al. (2020a) to address the difference between horizontal
heat exchange pipes and traditional vertical pipes buried in the shallow underground.

A key issue associated with HGHE systems installed backfilled stopes of coal
mines is geothermal resource sustainability, which has not been addressed in the
previous research. Horizontal heat exchangers inevitably exert thermal impacts on the
subsurface environment by influencing the temperature distribution in backfilled stopes
and surrounding rocks. Thermal replenishment of heat exchangers in the pore space
mainly occurs via conduction, natural advection or thermal convection through water.
Particularly, the existence of groundwater flow imposes complex effects on the
subsurface thermal regime (Hecht-Méndez et al., 2013). Therefore, the resultant
thermal interference and risk of a deteriorated long-term sustainability act as a major
concern to further up-scale this technology in a much larger scale. A proper assessment
of the sustainability of intensive geothermal utilization is of great importance for the
extended application of these low-carbon and cost-efficient energy alternatives. In this
context, there has been limited investigation on the resolution of these challenges in
HGHE systems in deep coal mines.

Quantitatively assessing the sustainability of the system is an important step to
design a geothermal extraction system in coal mine. And it is also the main concern of
the mine owner and shareholders, since it can maximize the economic lifetime profits.
Thus, the main goal of this study is to clarify the scientific question: Over a period of
50 years, how much is the sustainable specific heat extraction rate via a typical closed-

loop geothermal system from a deep coal mine, and how much is the corresponding
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total amount of heat?

Motivated by the above considerations, a typical deep coal mine in China
characterized by a relatively high temperature is selected as the target field of this work.
Multiple parallel horizontal heat exchange pipes are designed in backfill stopes in the
mined-out area. A numerical study dedicated to the prediction of the long-term
sustainability of intensive geothermal heat extraction while integrating site-specific
information is presented based on the open-source software OpenGeoSys. The
established model is validated against analytical analysis to ensure its accuracy.
Particular attention is paid to the influence of groundwater flow, while the implications

of further optimized strategies are summarized.

2 Geological setting and system configuration

The Anju coal mine plant is selected as the research site. As shown in Fig. 1(a),
the Anju coal mine plant is located in Shandong Province, NE China, which covers an
area of approximately 1700 km?. This coal mining area has been highly exploited for
many years, and its network of tunnels covers more than 30 mines. The depth of mining
operations ranges from 1000—-1200 m below ground level. Fig. 1(b) depicts the general
layout of the Anju coal mine, with several temperature logging boreholes labeled. The
contours indicate the distribution of the geothermal gradient in this area. The mined-
out stope located near borehole X2 is selected as our study area, which exhibits a higher
geothermal gradient and temperature. Fig. 1(c) shows the geological stratification along
the profile A-B as shown in Fig. 1(b).
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Fig. 1. (a) Location of the Anju coal mine in China, (b) geothermal gradient distribution in the
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Anju coal mine, and layout of the different temperature logging boreholes. (c) Schematic cross-
section of the Anju coal mine (profile A-B) showing the hydrostratigraphy.

Temperature logging occurred in the different boreholes. Fig. 2(a) shows
temperature log measurements in borehole X2. The thermal regime is characterized by
a typical conductive behavior. At a depth of ca. 1000 m in borehole X2, the temperature
reaches approximately 45.6 °C. Fig. 2(b) summarizes the stratigraphy of the study area.
The shallow subsurface mainly comprises Quaternary terrace deposits (sand and gravel)
up to a depth of ca. 200 m. Beneath these Quaternary layers, a Jurassic sandstone layer
is detected. The aforementioned Jurassic volcanic rock layer exhibits a thickness of ca.
100 m. From ca. 750 to 1000 m a Permian layer is observed. This Late Permian
sandstone occurs on the top of an Early Permian sandstone layer. A relatively thin
Carboniferous sandstone layer is observed from ca. 1000 to 1200 m. The thermal
conductivity of the target layer is determined via lab measurements of multiple core
samples. It is evident that the measured thermal conductivity varies between 1.852 and
3.006 W/m K, with an average value of 2.578 £ 0.434 W/m K, according to an internal
report in Cheng et al., (2019).
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Fig. 2. Temperature measurement profile in drilling borehole X2.
A schematic of the parallel horizontal ground heat exchangers (pHGHE) system
in an underground stope is shown in Fig. 3. An array of horizontal heat exchange pipes
is installed in the mined-out space parallel to the workface. The pipes are connected to

each other in parallel.

Fig. 3. Schematic of the parallel horizontal ground heat exchangers (pHGHE) system in
underground backfilled stopes. The heat exchange tube installed in the backfill stope is indicated
as a black line. The red line indicates the inflow pipe, and the blue line indicates the outflow pipe.

When heat is required during the winter months, cold water can be circulated

through these pipes, which is heated by the backfill materials and surrounding rocks.
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Heated water flows to the heat pump coupled with a short-term storage water buffer
tank to heat clean water. Heated clean water is then circulated through a secondary
circuit to inhabited areas for space heating, thus replacing the traditional coal burning

district heating stations.

3 Method

In this work, the dual-continuum modeling approach for the hori zontal heat
exchange pipe has been adopted and implemented in the open-source finite element
code OpenGeoSys (OGS) (cf. Kolditz et al. 2012, Chen et al. 2021).

3.1. Dual-continuum approach
3.1.1. Governing equation

Here, the subsurface is modeled as a 3D continuum, while the hori zontal heat
exchange pipe is represented by 1D line elements as the second continuum. The heat
transfer between different heat exchange pipe compartments, namely the circulating
fluid within the pipes, the grout zones and the borehole wall, is modeled by means of a
thermal capacity-resistor network in analogy to electrical circuits, i.e., the amount of
heat flux is dependent on the temperature difference (cf. Diersch 2013). The heat fluxes
q (cf. Eq. (1)) are driven by the tem perature difference AT between these components
and the heat transfer coefficient ®=1/(R-S), which is the inverse of the product of
thermal resistance R and specific exchange area S:

q=®-AT (D

Heat transfer inside the pipes is mainly controlled by the heat con vection driven
by the water circulation in the pipe at a certain flow rate u, and the governing equation
is written in:

dT,
prer — 4+ preTu - VT = V- (A VTy) = Hy @

p" is the density of the circulation water. cris specific heat capacity, Hk is the heat
source/ sink term. and the A" denotes the hydrodynamic thermos-dispersion of the
circulating water, which is further defined by:

A= @A" + p'c"BLllul)é (3)

A" is the thermal conductivity, lulis the fluid circulation velocity, Bi refers to the
longitudinal heat dispersity coefficient. Heat transfer in the surrounding coal mine

backfilling materials is describes by the following governing equation:
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%[(I)pfcf + (1= d)psCs|T; + V- (pfCVTy) — V- (A° - VT,) = H (4)

p', ¢ are the density and specific heat capacity of the fluid moves in the porous

media, while pscs denotes the density and specific heat ca pacity of the solid.
3.1.2. The boundary conditions

One parameter that needs further explanation is the boundary con dition that will
be imposed on each horizontal heat exchange pipe. In most cases, the inflow
temperature of the heat exchange pipe is controlled by the operation logic of the heat
pump, and subsequently by the thermal load from the building. Therefore, several
different types of heat exchange pipe boundary conditions have been provided in the
model:

1) Power curve and constant flow rate

In this boundary type, the thermal load on each heat exchange pipe is specified
according to a predefined time-dependent curve. Meanwhile, a fixed flow rate values
will be maintained throughout the simulation. The temperature difference between the
inlet and outlet will be dynamically calculated based on the thermal load, the circulating
fluid properties, and the given flow rate.

2) Fixed inflow temperature curve

With this type of boundary condition, the heat exchanger inflow temperature is
specified according to a time dependent curve and serves as input in the models. Then,

the outlet temperature is dynamically simulated by the model.
3.1.3. Numerical scheme

The standard Galerkin finite element (FE) method is employed for spatial
discretization of the coupled equation system of Egs. (2)—(4) with boundary conditions.
A fully implicit backward Euler scheme is applied for the time integration. The Newton
method with line search scheme is employed for the linearization, while a GMRES
solution strategy with ILUT preconditioning is applied to solve the linear equation

systems.
3.2. Model validation

Prior to applying the model to the prediction of long-term sustain ability of the
system, a model validation procedure is performed. A benchmark case which is

originally dedicated to simulating the shallow horizontal heat exchanger is selected for
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comparison. The OGS model is validated against an analytical solution proposed in

Lamarche (2019). The detailed benchmark set-up is described as follow: a single

horizontal heat exchange pipe is buried underground at a depth of 2 m. The pipe length

is 100 m. The inlet temperature (Tin in°C) varied as time (t in hour) and is given in Eq.
().

T, = {—mt +10, 0<t<4380 (h)

5, t > 4380 (h)

The ground surface temperature variation is described by Kusuda and Achenbach

(1965):

)

T, (t) = Ty — Acos(wt) (6)
Ts is the surface temperature, T is the mean temperature far from the is the annual
frequency, A is the variation amplitude of the temperature at the surface. In this case, A
is set to 10. More details on the benchmark setting can be found in Lamarche (2019).
The numerical model mesh is depicted in Fig. 4. In total there are 38,884 nodes
and 72,800 prism elements. The inlet temperature will be imposed at the entry of the
pipe section. A linear profile will be imposed during half of the year (4380 h), and a
constant temperature is imposed for the rest of the year. The time-varying temperature
profile given by Eq. (6) is imposed at the top surface of the domain (z=0) as Dirichlet-
type boundary condition. One day (86,400 s) was selected as the time step size for the
numerical simulation. Fig. 5 shows simulated the outlet temperature evolution for one
year. A good agreement can be found between the numerical model and analytical

solution.

ThE
<

Fig. 4. Mesh generated for the benchmark simulation, the horizontal heat exchanger pipe is
represented by the red line.
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Fig. 5. Outlet temperature over one year (Scatter points are the analytical solution from
(Lamarche, 2019), the curve represents the simulation results).

4 Model setup

To accurately evaluate the long-term sustainability of the pHGHE system installed
inside the backfill stopes of coal mines, a 3-D modelling scenario is constructed using
validated OGS model to simulate the heat extraction process and temperature evolution
in the mine backfill material.

The backfill stope at the field site is designed to be 3 km in length, with a height
of 5 m and a width of 120 m, which accommodates 1499 pipes in total. The simplified
domain of 160 m x 80 m x 2000 m adopted in the model is shown in Fig. 6. The model
size 1s chosen such that the boundaries are far enough from the backfill stope zone and
the heat extraction processes are not influenced by the temperature of the boundary
faces. The simplification method is similar to the method explained in detail in Li et al.
(2020), which can be summarized as follows: The thermal impact of a given heat
exchange pipe varies with its position, and the heat exchange pipes at different positions
exhibit a varying heat transfer behavior. The outermost pipes experience the least
interference, while in contrast, the innermost pipe(s) experience(s) the most notable
interference. This enables the adoption of a reduced number of pipes to represent all the
pipes in the model. A trial and error procedure is applied to determine the reduced pipe

number. In each test, we increase the number of pipes. The trial and error tests stop until
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the outlet temperature of the innermost pipes meets the stopping criterion compared to
the previous test. The stopping criterion is defined such that the estimated relative error
of temperature decreases below 1e-3. Under these circumstances, the obtained number

of pipes can be considered to represent all the pipes.

(@)

Close Boundary

Close Boundary
Aaepunog aso|)

- I

Basal heat flux

(b)

Fig. 6. Geometry of the numerical model: (a) 3D model; (b) cross-sectional profile. The heat
exchange pipes installed in the backfill are indicated as red solid lines.

The geometry and discretized mesh representing an underground backfilled stope
containing heat exchange pipes are shown in Fig. 3. Two material groups are
represented as (1) the backfill zone and (2) the surrounding rock formation, which are
marked with different colors. The domain is discretized into 337,463 tetrahedral
elements, with the mesh surrounding the pipes further refined to capture the high
thermal gradient between the pipes and backfill materials, and the minimum element
length is 0.3 m. Several simulations are conducted with even more refined meshes, and
convergence of the simulated temperature distribution is confirmed. It is indicated that
mesh independence is achieved in terms of the simulation results presented in this work.
Furthermore, to ensure the stability of the numerical model, the time step size is set to
1 day and kept constant during the simulation spans.

Initial conditions: The initial temperature of the whole domain is assumed to be
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45 °C according to the temperature conditions reported in Section 2. The circulation
flux is assumed to be 4e-4 m?/s.

Boundary conditions: A fixed heat load is applied to each pipe during heating
operation with an continuous operation period of 24 h/day. Using the trial and error
method, the maximum heat extraction rate is set to 40 W/m. In this study, geothermal
gradients are investigated in association with a basal heat flux. A Neumann boundary
condition is applied to the bottom face of the domain, characterized by a constant basal
heat flux. Depending on the geothermal conditions of the investigated area, this value
is set to 68 mW/m?. In regard to the rest boundary faces (top and lateral boundaries),
closed boundary conditions are applied, indicating that no mass or heat exchange occurs
with the external environment.

The thermo-physical properties of the backfill material and surrounding rock were
determined and integrated into the model, as listed in Table 1. It is assumed that the
system is intermittently operated for 50 years. Typically in China within a given year,
the thermal extraction duration lasts 4 months from November 15 to March 15, and the

rest of the time is the thermal recovery period.
Table 1 Model parameters determined based on the backfilled stope of the Anju coal mine in

China.
Type Parameter Value
Rock Jr thermal conductivity of rock 2.5 W/m K
p, density of rock 2400 kg/m>
Cpr specific heat capacity of rock 2000 J/kg K
Backfill Ay thermal conductivity of the backfill materials 2.5 W/m K
p, density of the backfill materials 2400 kg/m?
Gy specific heat capacity of the backfill materials 2000 J/kg K
Water Jy thermal conductivity of water 0.6 W/m K
p,, density of water 998 kg/m>
Gpw specific heat capacity of water 4187 J/kg K
Pipe d diameter 0.0254 m
t, wall thickness of the pipe 0.001587 m
Apwall thermal conductivity 2.78 W/m K
L pipe-to-pipe distance 2m

5 Results and discussion

Following the calibration procedure, the validated numerical model was run for a
total of 50 years to predict the sustainability of the system, along with the long-term

thermal impact on the backfill and surrounding rock in the study area.
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To assess the system sustainability under different scenarios, the sustainable heat
extraction rate is introduced and defined first. For practical reasons, the system is
considered to be sustainable, as the maximum thermal extraction rate can be
continuously achieved throughout the 4-month heating season, while the minimum
temperature of the backfill does not drop below a certain value (here, it is set to 0 °C

due to the potential freezing risk).
5.1. Sustainability analysis

Based on the temperature distribution plot in Fig. 7, the behavior of the pipes at
the different positions varied. The outermost pipes (as indicated in Fig. 6) exhibited the
lowest temperature interference, i.e., the temperature of the surrounding backfill was
higher than that of the remaining pipes. Moving from the outside to the center, the
interference between neighboring pipes increases and more energy was extracted from
the backfill between neighboring pipes, causing the temperature of the backfill adjacent
to the center pipe(s) to be the lowest, as shown in Fig. 7. Heat transfer around a given
pipe inevitably interfered by neighboring pipes, and such interference effects was
enhanced with increasing number of neighboring pipes and with decreasing overall
influencing distance. It was also observed that the backfill adjacent to the pipe inlet
attained a lower temperature than that of the pipe outlet. This could be explained by the
fact that the circulated fluid was heated from the inlet to the outlet and less energy was

extracted from the backfill adjacent to the pipe outlet.

Temperature(°C)
3.5e+01

30
25

— 20

15

10

5

0.0e+00

-100 Z 0
Fig. 7. Three-dimensional temperature contours of the backfilled stope at the end of the 50th heat

extraction cycle (the upper part shows an X-Y cross-section, and the bottom part shows a Y-Z
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cross-section).

Fig. 8 shows a temperature curve of the backfill adjacent to the inlet of the center
pipe, which demonstrates a periodic temperature evolution. During the heat extraction
period, the backfill temperature first steeply declines and then stabilizes. Similarly, once
heat extraction is stopped, the backfill temperature rapidly recovers and exhibits a slow
increase thereafter. Under this site-specific configuration, the minimum temperature of
the backfill almost approaches 0 °C at the end of 50 years of extraction. This indicates
that a heat load of 40 W/m is the sustainable heat extraction rate per pipe length. It is
also observed that during heat extraction, periodic temperature changes mostly occur
in the nearby backfill and surrounding rock, while the distant rock does not experience

a similar periodic temperature evolution.
50 -

o Temperature(°C)

40-'i
35 -
gso—.
£ 25

-5 T T T T T T T T T 1
0 10 20 30 40 50

Time (Year)

Fig. 8. Temperature evolution of the backfill adjacent to the pipe inlet over 50 years of extraction.
Considering in an full underground stope with a length of 3 km and containing
1499 pipes, the overall heat extraction rate of system are approximately 6 MW, and the
corresponded total energy extracted over 4-months heating season reaches 17 GWh.
The specific thermal load of the residential buildings in Shandong Province ranges
from 30 to 36 W/m? during the heating season (Chen et al., 2021). Here considering a
typical thermal load of 35 W/m?, the system can supply heating to more than 170,000
m? of residential building area. Overall, by using this technology, a total of 6732 tons
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CO: emission can be avoided per year.
5.2. Parameter study

To identify the design and operation parameters with profound contributions to
sustainable thermal energy extraction via horizontal heat exchange pipes in backfill
stopes, a numerical model is further applied to simulate various scenarios. Based on the
developed numerical heat transfer model, the influences of multiple parameters (such
as the pipe spacing, thermal conductivity of the surrounding rock and backfill, mass
flow, ambient temperature, and saturation time) on system sustainability and thermal
impacts are investigated in the following sections. Since the spatio-temporal variations
cannot be fully addressed via field measurements and the actual operation of heat
exchange pipe systems is not documented, the following parameters are considered to
bear high degrees of uncertainty and hence require detailed analysis:

- inflow rate (in m?/s)

- pipe length

- pipe-to-pipe distance (in m)

- thermal conductivity of the backfill stope and surrounding rock

- ambient temperature
5.2.1. Impact of the inflow rate

According to Eq. (1), the inflow rate of the heat exchange pipe directly influences
the heat transfer occurring between the fluid and surrounding backfill material. Hence,
the effect of the inflow rate on a given backfilled stope should be investigated to provide
guidance in system operation for sustainable utilization. Four scenarios with different
inflow rates ranging from 0.05 to 0.4 kg/s were studied under the same configuration
as that previously mentioned: (1) 5e-5 m¥/s, (2) le-4 m%/s, (3) 4e-4 m*/s and (4) 1e-3
m?/s. The heat extraction rate applied to each pipe remained the same under all scenarios
Since the diameter of a single tube was set to 0.0254 m, the mean velocity of water in
a single tube ranged from 0.1 to 1.9 m/s.

Fig. 9 shows the minimum temperature of the backfill adjacent to the inlet of the
center pipe at the end of each heating cycle. It is evident that by increasing the inflow
rate from le-5 to 4e-4 m?/s, the minimum temperature greatly increased. However, with
the rate increasing from 4e-4 to le-3 m?®/s, only a slight increase in the minimum

temperature was observed.
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Fig. 9. Minimum temperature evolution after each heating cycle at the different flow rates in the

pipe.

We further examined the sustainable specific heat extraction rate under the
different inflow rates, as shown in Fig. 10. The sustainable specific heat extraction rate
was calculated to reach 25, 35, 40 and 42 W/m, respectively, under different inflow
rates. This indicates that increasing the inflow rate enhanced the sustainable specific
heat extraction rate of the system. However, only 5% increase was achieved by

increasing the inflow rate from 4e-4 to le-3 m?/s.

45
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extraction rate (W/m)
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Flow rate (m3ls)

Fig. 10. Sustainable specific heat extraction rate per pipe length at the different inflow rates.
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5.2.2. Impact of the length of the pipe

To further investigate the influence of the pipe length, we assume several pipe
lengths: (1) 50 m, (2) 100 m, (3) 200 m, and (4) 300 m. During the heating period, the
specific heat load applied to each pipe is maintained at 40 W/m. It is assumed that only
the pipe length is varied, while the other parameters remain constant.

Fig. 11 shows the minimum temperature of the backfill adjacent to the inlet of the
center pipe at the end of each heating cycle. A higher minimum temperature is obtained
in the case of a 50 m length than that obtained in the other three cases. However, by
increasing the length from 200 to 300 m, only a slight difference in the minimum

temperature is attained.

40-
— 50m
o 30 — 100 m
o — 200m
é 20+
o
8_ 10—
5
= 0+
20 40 60
-10- Time (Year)

Fig. 11. Minimum backfill temperature evolution during each heating period over 50 years.
Fig. 12 shows the evolution of the sustainable heat extraction rate over 50 years for the
different pipe lengths. According to the results, the overall sustainable heat extraction
rate follows an almost linear increasing trend with increasing horizontal pipe length. In
contrast, the sustainable specific heat extraction rate exhibits a descending trend. This
can be explained by the fact that the flow temperature at the outlet increasingly
approaches the backfill temperature with increasing pipe length. Considering that the
rate of decline is not steep even for a length of 300 m, a relatively long horizontal heat
exchange pipe could represent a good solution to explore larger thermal energy since
no additional drilling cost is incurred with increasing length. However, by increasing
pipe length, the pumping costs to circulate fluid in the system is also increased which
might further lead to a decrease of the overall efficiency.
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Fig. 12. Relationship between the pipe length and sustainable heat extrac tion rate.
5.2.3. Impact of the pipe-to-pipe distance

The energy density in the backfilled stope increases with the number of pipes
installed with decreasing spacing, contributing to a higher energy performance.
However, not only do the total costs increase when more pipes are installed with
decreasing spacing but the thermal interference among the installed pipes also notably
increases, and the backfill and rock temperatures are not recovered after several cycles.
This constrains the system sustainability during long-term energy extraction. It is
important to determine the optimum number of pipes that should be installed in
underground backfilled stopes to maintain sustainable exploitation throughout the 50-
year life cycle.

We compare several pipe-to-pipe distances: (1) 1 m, (3) 2 m, (4) 4 m, and (5) 6 m.
However, the specific heat load applied to each pipe during heating operation is
maintained at 40 W/m, and the other parameters are set the same to those under the
previous configurations.

Temperature distribution in the backfilled stope at the end of the 50th heating cycle
under pipe-to-pipe distances of 1, 2, 4, and 6 are shown in Figs. 13 and 14. Note that
Fig. 13 shows the result at the 23rd year, since the temperature already drops below
zero. Comparing the temperature contours between the diftferent pipe-to-pipe distances,
it is observed that when the pipe-to-pipe distance was too large, high-temperature areas

remained between the pipes not exposed to heat extraction at the end of 4 months.
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Fig. 13. The temperature distribution in the backfilled stope under the different pipe-to-pipe
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Fig. 14. Cross-sectional profile (Y-Z axis) of the temperature contours of the backfilled stope
under the different pipe-to-pipe distances of 1, 2, 4 and 6 m.

We further quantitatively examine the sustainable heat extraction rate under
thedifferent pipe-to-pipe distances. The results are depicted in Fig. 15. In these cases,
the sustainable heat extraction rate per pipe length decreased with the spacing between
heat exchange pipes, as the thermal impact between adjacent pipes increased with
decreasing spacing. In contrast, the total energy extraction was enhanced with
increasing number of pipes. However, it was found that by decreasing the pipe distance
from 2 to 1 m, the total energy extracted slightly increased. Considering that the total
costs double with increasing pipe number, the technical-economic benefits require

further detailed investigation.
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Fig. 15. Relationship between the pipe-to-pipe distance and the sustainable specific heat extraction
rate (W/m).

5.2.4. Impact of the thermal conductivity

The effect of the thermal conductivity on the sustainable performance of the
system was evaluated under various scenarios.

Two scenarios were run considering different thermal conductivities of the backfill
and surrounding rock while maintaining the specific heat load applied to each pipe
during heating operation at 40 W/m, while the other parameters were set the same to
those under the previous configurations. Under scenario (1), the effect of the thermal
conductivity of the backfill was first studied, and a lower value of 2 W/(m-K) was tested
while maintaining the thermal conductivity of the surrounding rock the same, at 2.5
W/(m-K). Under scenario (2), the effect of the thermal conductivity of the surrounding
rock with a lower value of 2 W/(m-K) was assessed while maintaining the thermal
conductivity of the backfill the same, at 2.5 W/(m-K).

Fig. 16 shows the minimum temperature (solid lines) of the backfill adjacent to
the center pipe inlet at the end of each heating period over 50 years. It is obvious that
the thermal conductivity of the backfill and surrounding rock directly affect the

sustainability of the system.
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Fig. 16. Minimum backfill temperature evolution at the end of each heating period throughout the
50-year life cycle.

As shown in Fig. 16, the backfill temperature is lower than that in the reference
case with decreasing thermal conductivity of the backfill, which suggests that heat
exchange between the backfill and pipes is suppressed. To further reveal the influence
of the rock thermal conductivity on energy production, Fig. 16 shows that the
temperature decreases with the thermal conductivity. During extraction, more heat loss
occurs, as the heat originating from the rock in more distant areas does not quickly
replenish the pipe zone.

The minimum temperature curve, as shown in Fig. 16, indicates that the thermal
conductivity of the backfill imposes a more significant influence on the sustainable heat
extraction rate than that of the surrounding rock, which can be attributed to the fact that
heat transfer directly occurs between the backfill and pipes. Moreover, these
observations provide a major opportunity to prepare backfill materials containing

higher-conductivity components to enhance the system sustainability.
5.2.5. Impact of the ambient temperature

As the depth of the backfilled stope in an underground mine increases, the
temperature of the surrounding rock increases based on the geothermal gradient. The
effect of the ambient temperature in a given backfilled stope should be investigated to
provide guidance in system design for sustainable utilization. Two scenarios were run
considering different initial temperatures of 35, 45 and 55 °C while maintaining the
heat load applied to each pipe during heating operation at 40 W/m, while the other
parameters remained the same as those under the previous configurations.

Fig. 17 shows the lowest temperature of the backfill in the vicinity of the center
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pipe inlet at the end of each heating cycle. The plot shows that a higher temperature is
obtained in the case of an ambient temperature of 55 °C than that in the other two cases.
It is evident from Fig. 17 that increasing the ambient temperature increases the

sustainable heat extraction rate.
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Fig. 17. Minimum temperature evolution at the different ambient temperatures.

Fig. 18 shows that a nearly linear increase in the sustainable heat exchange rate
occurs with increasing ambient temperature. Compared to shallow underground mines
where the temperature of the surrounding rock/soil usually reaches 15 °C (Giordano et
al., 2016), the backfilled stope in a deeper underground mine provides access to higher
ambient temperatures so that the heat exchange system in the above backfilled stope

achieves a higher sustainable heat extraction rate.
60—
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Fig. 18. Sustainable heat exchange rate with the ambient temperature.
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5.3. Discussion

As indicated in the literature (Hein et al., 2016; Meng et al., 2019), groundwater
flow always imposes notable effects on the sustainability and efficiency of a subsurface
heat exchange system, although a certain groundwater flux and direction are necessary
for this effect to be observed. Depending on various site-specific hydrogeological
conditions, higher Darcy velocities enhance the heat transfer between pipes and the
backfill, as well as the surrounding rock (Meng et al., 2019). At a large-scale heat
exchange array site, groundwater flow inevitably leads to thermal redistribution.

Here, a preliminary attempt was made to examine the groundwater flow effects on
the sustainability of pipe systems by considering a constant flow rate (1e-6 m/s, which
is measured in this site (Cheng et al., 2019)) along the X-axis direction. The heat load
applied to each pipe during heating operation is maintained at 40 W/m.

In Fig. 19, the spatial temperature distributions profile after the last heating season
(50th year) under groundwater flow is shown. The groundwater flow creates the
temperature redistribution in the backfilled stopes, and a cold plume is formed in the
downstream. Along the groundwater flow direction, the temperature drops from the
upstream pipe to the downstream pipe.

Temperature(°C)

3.5e+01
30

— 25

— 20

— 15
10

5

0.0e+00
Fig. 19. Temperature contour profile at the end of the 50th heating cycle under groundwater flow.

Under groundwater flow, the temperature disturbances near horizontal heat
exchange pipes are lower, indicated by the fact that the temperature keeps dropping
from location A to location C, as shown in Fig. 20. The sustainable specific heat
extraction rate is larger with groundwater flow taken into account due to the advective
heat supply dominating over the conductive heat supply. Moreover, the sustainable

energy extraction rate at the upstream pipes is larger than the downstream ones.
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Fig. 20. Temperature evolution at the different pipe inlets (corresponding to the points labeled in
Fig. 19).

It can be also observed that the temperature under groundwater flow approaches
steady state after several operation time, while thermal conduction environment (as
indicated in the previous sections) a continuous decrease in temperature is exhibited.
While the time cost to approach steady-state conditions mainly depends on the
groundwater flow rate.

For this reason, information on the potential groundwater flow in the subsurface
should be gathered and considered in the design process, and the spatial arrangement

of horizontal pipes should be designed based on site-specific groundwater flow

conditions.

6 Conclusion

In this work, a pHGHE system has been introduced to extract deep geothermal
energy from deep coal mines. We quantitatively evaluate the long-term sustainability
of the pHGHE system. A numerical model is established in OpenGeoSys to simulate
the heat transfer occurring between pipes and the backfill and surrounding rock. The
model is validated against an analytical solution prior to further application. The
validated model is then applied under typical site-specific conditions of the Anju coal
mine in China, where the important model parameters are determined.

In regard to the typical backfilled stopes of the Anju coal mine, the simulation
results show that the maximum sustainable heat extraction rate of a given heat exchange
pipe must not exceed 40 W/m to achieve sustainable exploitation over a lifetime of 50
years. A overall heat capacity of 17 GWh can be achieved via this system in a single

heating season, providing heating to more than 170,000 m? of residential building area.
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The contributions of various parameters to the system sustainability are further
investigated through sensitivity analysis. It is demonstrated that the maximum
sustainable heat exchange rate increases with the inflow rate, pipe length, the backfill
thermal conductivity and the ambient temperature, but decreases with the pipe-to-pipe
distance and the thermal conductivity of the surrounding rock mass.

In addition, a detailed discussion on the influence of groundwater flow suggests
the existence of groundwater flow can improve the sustainable specific heat extraction
rate on each pipe and be benefit to the long-term sustainability of the system.

This study verifies the feasibility and sustainability of geothermal utilization in
underground mines for regional heating. The insights gained in this study can provide

technical guidance for the design of such geothermal systems in similar coal mines.
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ZAE) BEAT A (A B UL o B TRIAR 43K A 4 B 2 J5 BRI AR 20 2R S F A 26 4
R ZHFWTE, MTRARLYE R4 R A ILUT B4 ) GMRES ()7 X
B/INRZER) RIS,

3.2 IRBVIGF

FER AR T N T R G K T R TN 2 B, R AT ISR . A ik

BT — A EAH T AAULIR JZ 7K 1 T AE 3 2 (1) 56 0 = 91 11T 6 EG . OpenGeoSys

(OGS) #AiET 5 Lamarche (2019) $2H FIENT AEZEAT X ELIGAE . VRN A 3 i

WEMN: RS HEERE T T 2m R4E, BEKEN100m. ANH
T, (BLCNENAL) BEMTTE] (A h READ) Z8fk, R (5) i,
t+10, 0<t<4380 (h)

Tin ={ 1000 (5)
5, t>4380 (h)
Kusuda 1 Achenbach (1965) iR 1 #1318 A1k,
Ts(t) = Ty — Acos(wt) (6)

TR MR To sl B FAE KPR L o FME; A ZHRIEAT
AALIRIE . TR RBIF, A BBE N 10, L 56T FEuE % & 405 7 /£ Lamarche
(2019) H$F|,

AT A AN 4 fros, S 38884 AN R 72800 MEAE HLIG. AN
U PR T INAE B TE B N AL . fE— AR (438000 N, Rt m&k PEiR
FE A, FoRu M fE e i B . fal (60 &5 (IR (]38 AL FE 25 A7 43t it
TE TR (z=0) 1ENRKFI o 75 Bl 1. BB IE S — K (86400
$) VRN K. Bl 5 R 7R —FE N R ERGE L, BUERES
fR AT AR 2 TR LA R AT I — 2k
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Simulation result
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Time(s)

Bl s —ENHERE
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4 {REEN

NEFEN R 2 X 7 AR 1 pHGHE KRR M FF AR E M, ACHTF OGS
FEITR T =400 BB, 7 AR B2 AT R I B E AR A

R TIEE R MREXKE N 3 km, FEEE 5K, AR 120 K, s
PRAm i E TR 1499 R . tnlE 6, WFFURBLIX 33164 160 m X 80 m X 2000
m PTG A], A BT B R A X, # RO i SR e S, AL
H 5 Lieta. (2020) HIBFFISEIML. HEEMTEEE -4 A SO B AR,
B AT A O R R B A — BUMEARHE, SN TE BB KPR, BRI
PN PR A T B2 TR R R R, DA R EH R T I R S R A [ A
8. A0S AN, RARUE T ETEMHIRECE, SRS b it EhiE
BoE, H2H&NEE H RES AR 2 5ok 200 b ARAERS, 30E R B4
1k, W 1X 107 IR AR R 22 W SR IRE, Sttt 33 E B ReRER T E
=

(a)

Close Boundary 3 A4 7

Lawpunog asop) KM E

HHLF Close Boundary

.. t 1111 1

Basal heat fluxy ER#HOB R
(b)

Bl o B JIMaite: (a) =4ERAY; (b) M HmE
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Kl 3 o 1AL B e VB TE ) A8 R X ) UART TR R B A XA o A AN [
MR . (D BHEXYS (2) FEREE, RAAFRPSEHETRR. F
SR IB AL E 53 337,463 AN DY AR S BT, HeHb 38 R XISt 1 = i
AbFER, B ERE IR TR R S AR () 1) B IR AR RRE, /NP R ST R
£ 0.3 Ko M TFRE RV NS BURYE A, S0k 1 IR B BUE U sire e, 1
INTT 45 B OANSZ I 25 B 52 o B0 SR At 1 v SR FH (81 5 I TR) AP g, 4
YER—AEE, 2k BRI E AR U ORIE T AR E .

IR SFA: AR ZE 2 15 R B A, A X R W) U0 IR FE B g Ty 45 °C,
TEA R EIE A 43104 m¥/s.

HFA: FERFSIINAABT B, W& B AR e AR Bk far, B H AN
BAT R R, PRI AR 40 Wm. KHETF 22057 %
PRAL PR X IR, RN EE R AT FEAA, Fahx XIS iR 5, KA 68
mW/m? {E A o SR BB THES A )i S, SR B A AR5 %, R 5 Ak
FrBE T T A et e AT He

FRIRAR S A A RIS R 1 46, MEREG R E ., RS
R AIWral TAET7 :04EdF 50 4, DL—H N, HREeRERIHE4 M, 3 11 H

ARG 3 Ak, FRNBUE T REREN B
A1 E SRR SRR X AR S 4

FA ZH il
HA MAEARG R 2.5 W/(m * K)
prt A 2400 kg/m?
Cpra f1 EERVE 2000 J/(kg * K)
A K} A FRIEARLA T 2 2.5 W/(m * K)
pp 7RI RL 2 2400 kg/m?
Cpp IR B} HEHAE 2000 J/(kg * K)
K A /K HG R 0.6 W/(m * K)
pw /K5 E 998 kg/m?
Cow K HLFAZE 4187 J/(kg * K)
EiE d BHfE 0.0254 m
t, BB AR 0.001587 m
A B TE B G AR 2.78 W/(m * K)
L & [r)#E 2m
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ZhiE, FAREEE KT, A E ARSI T B2 iR, SEEEL
HH LB T 1) 8 SRR P A o 7T J R 10 A AN T o S b 52 2UAR SR8 TE 1 T3
I8 5 T A A R PR B B A SR i B S PN T 08 6 BRI TE N R FR IR
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TR, REEARR EORE B R, L ERBE T St 50 FHCREZE, A

83



B REEL Sy

SR IIEE R FRIEIR 0°C, RG] S 40 W/m [RESEH H o 78 R B
IS JA SR ¥ AT AE TSR SR SR LA Ak, 328 3 o AR JU AR R I H SR AU TR

JEEJA 1224 o
50

Temperature(°C)
i B

45

40

i Temperature(°C)

Time (Year) Bt E )
Bl 8 HL B N AR AH A8 78 A RN FE A2 1L
FIEE|— K 3 AR HAE 1499 REE R EEH T R, REM) DK
FRIERLIN 6 MW, 1E 4 A H BAEREZ=T RS2 U E) S BE 2145 2] 17 GWh.
Ll ZR 48 {3 8 R AR AL 215 1) A #R 67 7 YR L A 30~36 W/m?  (Chen et al.,
20210, fREFALIAGAT N 35 Wim?, 1ZRGRENE T 1.7x10° m? fE @R
AR, RHAETTRD 6732 W A BRHE

5.2 SR

N T AR BN K BV 1 S 3 P RR B RE R EBORAT R SR ) et s AT
SR, B N BE R S PG B ST R AU LB R, DUT
BRI A ZASH ANEIERE . HES A MTEIRR R G R R 5
8 DK VAT [) ) o 28 Gt mT 4 SR K A A P o e B N0 58 7 70 i
PRI AL A, VT RS SERRIEAT MR DR, LS EHO OV A A R
AHENE, FHEEAT A T

o BERIEAR (m’/s)

« BIEKE
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o FHEE (m)
o FIECRZX N A ARG R
o MIEIRE

5.2.1 FERIRERZ M

PE 1), 3P T R F I T 26 B s i A 5 ] | e R[] B A s
B FEHEU I 2R E R R X 52, RN RS AT R F iR tis 1746 = .
ESZATMFERERE T, BT 7R AR R ERR S5, RN 0.05 2] 0.4
kg/s: (1) 5x10°m’/s, (2) 1x10%m%/s, (3) 4x10*m’/s A1 (4) 1x103m’/s. 7E
Pt s, FREENRRIERFEAL, BREENERBEN 0.0254 m,
KPR Y Y 0.1 21 1.9 m/s.

Kl 9 IR T REAMILER A BAZE SRR, A N T AR AH AR 78 S A 1) S AR IR
IR, LEFRIERM 1x10° m¥/s BEINE] 4310 m/s B, mARIEAE B35 1.
SR, HBERUE A 4x10* m?/s HEINE] 13107 mP/s I, el B 13 e 2 AR

40- flow rate=1e-5
o 30- flow rate=1e-4
- — flow rate=4e-4
8 20_
2 — flow rate=1e-3
o % B 3
8_ 10—
5
- 0-
2 20 40 60
10—

Time (Year) )

9 AFE T FREAR R KR AL
AR T AN AR R T BT R AR R . WK 10 fios, 7EA R
MR, AlRREE R RCR 2 B35 25, 35, 40 A1 42 W/m, A WH sk s
RIS T RAEM T RPN . Lt FUEZE M 4310 mP/s HGME] 13107 m?/s
I, AT 5% N .
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FREL AR BUCR BB TE K AN 2 BT s USSR s EiE K
FERIBEAN, AR KR B SR AR AR . BB RILE 300 m KT, MR
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BB KA AN A . BB ETE AL N, SRR IE A B
I, AR T RAARCR . I AEAT VR o M, DAEE PN Z RIS P

- 15000 - 50 »
o o C
£g x 8
== 45 8 5
= £ 10000~ Q3
[T =
> s g %
® 5 40 S o
= 2 38
QS 8 5
i 5000- 2s
- . =
8 % 3/ 3 5
3 33
0 0 - T . 30 i
" 0 100 200 300 400 % g
g ;*"E“i Pipe length (m) g g
T K

—— Sustainable overall heat extraction rate 4 =
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5.2.3 &8 B0

FRIER 2 X A ) e T b A T O () 3 0 R (R EE 98N RS N, AT
m T REEERE . e T 2 TE BRI PR RIS, AU SEEN, ETE R
WFHit s BN, B UG, REAERE AR TR E, R
T RZGEK IR RS HUS FE M aT RS . Rk, A R R AR 2 X R %
RN BAEETEHE, WORTE 50 T AL Gy R I AR FF AT RESEF R B OCE B,

BATEE 7 U E & EEE: (1D 1m, (3) 2m, (4) 4m, (5) 6m. £
TGS AT W), B TE E I B A AR A CRREAE 40 W/m, HAW S 2 B
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MR AR, KBl 16 a7 G R RS ERIR BN TR, RS IRAIET B, &
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