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Evaluation of deep granitic geothermal resource potential based on
discrete fracture network model: Taken as an example of the
3003.17m geothermal exploration well in Wendeng granite body in

Shandong Province
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Abstract: [Objective] To assess deep granite type geothermal resource potential of Wendeng area

in Shandong peninsula, [Methods] we established discrete fracture network model of hydraulic
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fracturing based on the geological data, the deep well temperature data, core physical and
mechanical test results. The potential created heat reservoirs were simulated for target reservoir.
According to the fracturing results, a coupled numerical model of seepage and heat transfer in
fractured heat reservoir is established using TOUGH2-EOS1-MINC code. The influence of
fracture spacing, well pattern and injection rate on productivity is studied. [Results] The results
show that natural fractured reservoirs with stress shielding should be selected as the target
reservoirs in deep geothermal exploitation. Large well spacing should be maintained, and
reservoirs with overdeveloped natural fractures should not be selected. For the same heat reservoir,
the variation of each performance index of five-well mode and three-well mode is similar, but
their dynamic variation of productivity is different. The pressure index is more sensitive to the
well pattern than the temperature index. The power generation of five-well mode is slightly higher
than that of three-well mode for the same reservoir. [Conclusions] When selecting the target
reservoir, the high temperature reservoir with moderate natural fractures and high stress shielding
should be preferred. Meanwhile, a large amount of fracturing fluid should be injected to drive the
reservoir to extend as far horizontally as possible. For the ideal large-scale heat reservoir, the five-
well mode should be preferred, but its overall economic benefits should be considered.

Key words: discrete fracture; granite heat storage; reservoir reconstruction; capacity evaluation;
geothermal exploration engineering; Wenden granite body; Shandong peninsula

Highlights: We established discrete fracture network model of hydraulic fracturing and hydraulic-
thermal coupled model for Wendeng area. The influence of fracture spacing, well pattern and
injection rate on productivity is studied.
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Hiy R REAE SR 3R A5 AE AR B JakcHF 77 THI A2 — Pl EL 56 5 7 T W T AR REVR. (Wang
et al., 2021). IRIFHATTIREMEEE R, (HffERNBERBAR, LAUEE N TH0EA Rk
FRELAEF=HE (Wang et al., 2020). Hh#kabiguie T 90 ) BIR, fif )2 o M asUR e 2
CIER N GNE:

A G158 e S 7R 2R e 2R 07 15 50 () B i e IR T AR/, PP AR, HLA 5 R AR BV
(Tester et al.,2006). H B H I R IEFEERINREE R B it ]2 R HTE KBTI 2R E 1)
RERAIETT R, DRSS RIRRAE B ST U ARG M 2% (58555, 2016; HhiK4s,
2021) . LA RATNE T EA MM . SRR L (Willis et al., 1995) FISE R LE
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Z AL i (Hayashi etal., 1999). B5HUGREE M 25531 5 B AR RAE M T Ar . RT [RIEEANE
fh J35E R . S ROESZ AN TREFEEMZ AN (EPMD J5ik. WALBREE 7% (DPMD
Az EAEAEESA R (MINC) J7i% (Zeng et al.,2013;Wu et al.,2000). EPM % H]F
BRI GE FE m ZRBR ) BN R SRR, 48P 3B BE— /N T 2~3 m (Zeng et
al.,2013). McDermott 25 (Mcdermott et al.,2006) % EPM J5 =TT T #-7K-Hl-1k 20 2
A A EAE AR BHbA = RERIRZ I . Gelet %% (Gelet et al.,2012) FIF DPM J7i:t 58 T
SRR TG EEIE, KIS TR RIIE T 10 m i, A5 R/K A R %,
DPM £ MINC 5 A& H . Pruess (Pruess et al.,1999) Fi|H MINC #F 5T T CO, /E~T-#4
FEAAN FARE KA 5. Lei 1 Zhang (Lei et al.,2019) FF MINC J57%%} 3500~3700 m
T EH i 2 PP IR R G R AT TR, TEBA T MINC J5 PP IR R4 ™= BE (1)
&

L 7R B 3 XA B 2 A B BRI 2 A RARIESR . I H 508 A 1k
TR T o 2 BRI ERENAR . 0N R . R RET S TR, RS
—BHRTAE, BRI OF TORIGT H bR #2108 £ R GRS JJ AT W . AR ST 3
BRI R BRI, BT T IR R B B S W K ) IR AL, B T H
Pt /2 08 )5 1T BRI I 22 Pl A IAR . e T Ffi R 245 R, FIFH TOUGH2-EOS1-MINC
Jilk, HRSL T EEMIES IR RIS EUER AL B AL T REREEE . A A K R 2
HOOF PR REENAS IREIA o W F045 H PN R SO IR A o F it b R 08 R R4

2. BT XAk

2.1 W RHIE

LEABRALT IR R AR ARSI, AR S22tk sk hifE M, B
BT — RFVACTE sk PR AL AR 1) AGVE A R R (TEEESE, 2019). KHUBIE KA
KARNWIZ, TR ZE ANk SO E R XL, BIRZ, XN 20
REFE, TEAMERNR KA A RSB RR KA KA (KRB, 1995).

FRIE IR A B UR B IR S 467 B, 2018 4F 11 H 6 H e 7 308 A R4 L
LGZK1 i B . %I N=IFEEH, JFIIER 150 mm, & 98 mm (& 1). 2019 4
11 A 12 HYERE 3003.17m B 2441, £i3fa QU KGR A NE, A O0RARTBEER .
EEEUESE A A K 20 4%, HIKIERE N 2~19.76 m, SHKIRAMAEARR . @idd O F 29,
ANFIR B )2 Ve B AR B R AL 22 B 53, RIHHLZ A — A IR N TE R, 7E 280 m~317
m. 625 m~660 m 1 985 m~1015 m [X B3I B KA K F X (B 1. XK F X R4
L RERIRARER, MRS, SAPIEKA. BKA 2 RR 2 E S e
2.3 MhRAFE

Z &, LGZKL1 JF 3000 m ¥R AR BN 121.09 C, 0~3000 m ~F 34 b 3G A FE M
36.8 ‘C/100m (H 2). AR ITAEXEEFLA QBT RAE, 2000 m PLESE 100 m BURE—41,
2000 m~3000 m &F 50 m EURE—4, JLREL 40 NAFIREE A OBHAT 7 BN, 15334
SN 3.02~4.42 W/(meK), THMEN 3.52 W/(mK) (& 2). 0~3000 m Tt #% AN 850
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Fig. 2 Temperature measurement result and thermal conductivity change of LGZK1 well

3 E T BN EM KR K ) RREUEE

3.1 BfsfiEE

AT H 2L LGZKL R H RIS FONIRIE B 5 508 55 R X 3 A SR A IR
b AR YRR G AR B R E b2 DA AR TR . LGZKY JF 3000 m Akl £ 121.09 C,
i PR FATER . RIS ATHR A TR W, HAs#ZERE 5 KT 180 C. AR
4% 4000 m RALHZ 9 HAREZ AT 00 BRIGEELAAL, BARiHZE RARRLE R EREREHE
i) e 4R R AN 4 P e . AR SR B 48 4% (DFND FRZEHEE MShale T & B A
it 27K ) I 2EHUE RN, . MShale 1) DFN #HCR FIEL: G MR IE LR R B Bk (A
4L, 2020), AIARANZREERUAIFLRR AR E A5t K I REETEAS, 8 TR R B
& GHTUSE . RS WG TR 2R 4%. FRRHIE. KA MShale i) DFN bt
AT ORI AR K I R 2 vl A7 PE OV 2 2 B UE S (BRVR 4L, 2020;Lei et al.,2020;Zeng et
al.,2016;Hu et al.,2022) .
3.2 R H

LGZK1 HH3t4hiE 20 BUA OUHMLE . A O 2 X I BAF B KPS 77 5
Pride AU X KR IE N K. 3R 18I T LGZKL KR T
7m A B

RS (K5, 1985) & AR A UHRFAE vT B T 2 SHE DX Sl KK T R 77

d <0.35D o)
o, = 7Dz, ?
2dpa——9 o5 9y

0.35D 0.35D

e d Y PEEEE (mm);D A B ELAR(mm); on KK T 22 R 1 (MPa);z i ER B D)
552 (MPa) .

DL 2838.98~2872.51 m JZ |, HUHEEZAE 12 ~ 18 mm Z[H]. CHELEEN 62
mm, “FEIPLETREE A 24 MPa. [Aitk, 2838.98 ~ 2872.51 m Z(f oy 1T 5{f A 70.0~78.1 MPa,
SF51E 2 74.05 MPa.

ST (L AR R P 13 FI K 0 FERLPORHIEAT 424, 1300 m~3300 m U Y 77
KANGHRERRBOCR AN CT RS, 1986)

on =—6.6+0.029z 3)
on=—12.4+0.023z 4

X 2 AREE(M) ;on NN KE M 71(MPa) .

R (3) F (4), 2838.98 ~ 2872.51 m JZ i+ HAF RN HN /1N oy =75.7-77.3 MPa (°F
%] 76.5 MPa), oy = 52.90-53.67 MPa (*F-¥J 53.29 MPa). mJLAE H, #HER (2) A1 (3) it
oy MZEMEEN. F, BAER (3 Al (4) 5155 4000 m RKE Koy Mlon 20518
109.4 MPa 1 79.6 MPa. #R¥iov=pgH, #3%|4000 mi* oy, =103.9 MPa.

—RRME, UEEEE . WS R FEER, HON BRI R . M6k E KRR

5



GEH B ERUIRIS, TR AL B IARSEHZ RS, fHAk 2 B K T A 4R
2, BB (Fe5E, 2016). BRI, JKREELEAE)R T 3 Z KT 5 A, 2
SRR (A A A2 IR o ERER AN H ARG R RLE R BAT N AR, DAORIE R R SR T
K, AR TIREHAEE T BIHARKSOE H X 8 5 H AR 2 I B0 565 JEAFAE N 4 1)
W o ARVCE HAREE IS E BN 7200 10 MPa, 8442 5 579 50 m.

# 1LGZKL H A LUHLE
Table 1 Core cake formations in well LGZK1
T HUTE JEE Im ﬁﬁ)#

1 2109.54 m~2264.17 m 244.63

2 2342.74 m~2386.90 m 44.16

3 2501.44 m~2551.19 m 49.75

4 2615.06 m~2622.29 m 7.23

5 2838.98 m~2872.51 m 33.53

33 hESH

SR N RGBT E ) SRS R . s LA 2B (Hofmann et
al,2014). AT 3000 m Ak LT T ENYIEIE RSN, [EEOEEN 2.65
glem®, #APERIE )y 50.12 GPa, WIFALL A 0.26, WIZLHIEE A 1.3 MPasm™. IR 2 [ Al

IR EREER AN T, BRI B ARG 2 A 152 S H0R 3000 m A s LIS B 20 —
6



MRS, HUZERE A IRAE . SRR, KRR I RGN , (HIX P2
AN (BEEREE, 2022). T2 BirtgZ8dE, AUCKEH 3000 m 4bE 0 %54
HEAT BB E W VA AR 4R
A EHEISH

TR E R Z s F ER A KRR, FEEMSHOREEEHEERNEARE. 4
IR RS 5T J PE IR GBI G N K ) 3488 R0 K )y o JREHEEERR, R oK, B
G AR N ALEE M4 (MRS, 2022; FRI5E, 20200, R4 E N R THABUR, 4
WK R EHEE 8 mPmin.

it 2 BUE N 5 i 2 R4 X 2 BB SO I PG 0% . Soultz TEH GPK2 I 3 Mk
(24, 45 F1 78 Lis) HZr, A 3200 ~ 3600 m fif Z3LE N 28000 m® EZ4 (Dezayes et
al.,2010). #i[EH Pohang M H %5 — kg™ it v, PX-1 HIEAME N 3907 m® (Yoo et
al.,2010). JENN K, FENBEBK, %2 dod MR, AIRE RS2,
AR A bR Z B KE A 50000 mP.
3.5 RAHGERILE

i J2 BSOS I I R B[] PR3 R SR A% B i R E NI K, R SRR B8 R AR TR AL 3
T R TR AE FT 10 PR AE M it DR IR AR R 44 2 B o 4 AR R AR K S B 2%,
2020). Soultz ¢ 54 2 5 B2 B P44 3.2 Nm  (Dezayes et al.,2010). AP il FH A 2 H-
FaE BN, 7F 3891 ~ 4064 m Al 4214.3~4323.4 m AN ZBCRIRZLLE S5 1 73 598 3.3 Nm
3.9 ANMm (FE5E5E, 2016). ANFIZEEE K E FREE X G B A BUR B I AF R R R 200 . AR
YT T RARZIGE AR 73 BN 0.5 m CRED f20m (Fsgi) I 154 B M B o o

gE b, ARIRCSCE A TR R R B A0 1 B SRR 2,

X 2 R RBUEE S E
Table 2 Numerical simulation parameters of fracturing
ZH Case 1 Case 2
. DRI pexis paais
W A
SRR B EE 3950-4000m 3950-4000m
A 50 GPa 50 GPa
VAEE 2 THFALE 0.26 0.26
WrZd ) 1.3 MPasm*? 1.3 MPasm'?
N HE 8 m®/min 8 m*/min
X
EREH EANWE 50000 m® 50000 m®
KRIRLGE R 2% ELRze)ali) 20m 05m
3.6 EREMER

# 3% T Case 1 Hl Case 2 [y R R R . & 3-8 4 2 Case 1 1 Case 2 ) - 5R4%
NI 7S e 3 o 7 U W B 2 £ 1=PE NS B 7 :11 E2 Pl IR R S oy NN E e 8
TEARFNENERT, BT RIRZLLEMIFEECKR, [HI Case 1 b Case 2 JERUHIZEM K B K A4
FAER . Case 2 RIRZLEERIPER/DN, BUE RN ER AL Case 1 K. B TAETER J7iEERY,
Case 1 Al Case 2 feZ TV I 4E M BIBRGIZE H bt /Zrh, & f)= m AR . RS AR
T TF R U B s AR AT 1 km® (Tester et al.,2006), A<k Case 1 fil Case 2 [ Buis fAFH
A RTR 4.6%F1 0.12%, VI ZE R G 7 BRI H IR Kol 28], ARnlid—
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DA LG K A= o AR

R 3 ANF T SR

Table 3 Simulation results of different fracturing schemes

EZgE R Case 1 Case 2
R SRS 822.4m 139.1m
e RS 410.5m 68.3m
S i 50.0 m 50.0 m
2% XA S T A 675.0>10* m? 700.010* m?
25 AR AR 4600>10* m* 123x10* m®

4. SOGE IR MRS TT R S A

4.1 FHER

i S E BRI A TARA 7 20, B R RIE A K I, K IE B4l o it i S i
AT (B 3FNE 4), MR Bk 2 T RIEREE R, @57 7 3MIFRm A, Wi
5-F 9 il

ETX) Case 1 [RHLER: & FULAE J150/N I EE M S BT X3, A4 Ffil R <7 Wit
1400 m (KD >400m (55) >385m (&) (F3). HTFZEXRGEN#HERK AR, KHAR
AT RN KRB R, MBI WAE . Fitk, Wit 7 BFpAm s
I O 1-D) ARt OF % 1-2),

EF%} Case 2 IRZE45 R BB BTN 220 m (KD >80 m (%) »x35 m (&) (K
4)o HTHZEKBERNGE BN, RS R A Y BB T s A2 22 N, R H ik
I (7L 2 HATIFRS T,

l JFME/em

400 500 900

- K/m

(a) F 24 &

1 I fem
0

J hm

WP —=O

-1100 -900 -700 -500 -300 -100 100 300 500 700 900 1100 1300



(b) ZEMFii e = (7% 1-1
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Fig. 3 Created fracture network and well mode of case 1
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Fig. 4 Created fracture network and well mode of case 2

A2WEREGE

AR iEHE TOUGH2-EOS1- MINC 37 4% [ B it ¥2 IR0 - 1 AR & B A R R AT e PR
WA, TOUGH2-EOSL RHA IR Z /LK & shEMagsmsptEayife, wHTEUILIR
B A B R 2 AR R BGR B FE (Pruess et al., 1999) . MINC (Multiple interaction
Continua) Jj %% Warren #i1 Root (Warren et al.,1963) £ #iXUFLBEEHE & AHES . MINC 7%
W EEB B O — RN E TG, BOT B MA@ R GEdT /K ), 245 5 5L R
2 [A) I BT R LRI AT (i my FLEE,  2021).

PAT7 5 1-2 10, ISR FRME, ARG IR B 52075 12 =412
WAL PSRRI, BEA L] <) 24 1000 m (x) x 700 m (y) %200 m (2). 7E MINC
WHE R ARELL R E M, B8 40480 AP . FEBHEE A N2 5 m>6 m. HEAME
TS B B R TE K IR IGRE A e o

RIS HA TAREE Fr80is 1T 20 4, BEEvE/KIREE N 65 T, KRATE/KIER LI 5 2sk
PREERD ZAEH N IR T KAEE WG, TRRRGETT B IR TR EE B SR . AR S
ik (Zeng et al.,2013), HSCI#FREETHIFELN 0.5 mm. K 4 FIH T B0-& AR SR
PIAHRS . 75 1-1. 1-2 FIJ7 58 2 I fifh 22 SR 4% ) BE AR e 28 48 SR AT FHIRL 1R E

(1000,700,200)

Fig. 5 Schematic diagram of three-dimensional coupled seepage-heat transfer model in case 1-2
R AT R 12 B PR SR
Table 4 Parameters of seepage-heat transfer model in case 1-2

S ]
B 2650 kg/m®
FE T ALIREE 2%
BERBIER 110 m?
REEBIHER 0.21x10% m?
Zog )P 20m
MFER 3.52 W/(m K)
LA 850 J/(kg K)
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HIERFLE P=4x10" —~10000z (Pa)

?f?ﬁ?ﬂ%'l@f 65 T

HAKE S 305.80 kJ/kg

WItahE EEE 181 €

FERETREL 54102 m?

UK IR ) 35 MPa
4.3 tEREIRER

DA TR RE R EECR A KIR B . KRR FEANIES). TshFPi. Rekefag
B 6 MERSTRAR AT SR & VEA

HAKIREE (Tpro): HKIRAE ERRAMZIRAE, N PREGR T #h32 M T RE X 2R A I )
B RER . RIRIIE R AR E TR TAR S80S AT, THCE AR A A A 3 A 1) HA KGR e SR ]
BE/NT 10% (Tester et al.,2006 ).

REE (We): ARUATHL Hbr 2 R B 1. 7= K4 3R kL f5 7 el N7
AKH, RIEEIR P VE S5 R TR KIRE To (65°C). RAEEFEHACEN 045, ML HER
PRt (Zengetal.,2013)

W, = 0456, (h,, ~h,)(1-=*) ®

pro

T Qpro A KRR Do M1 hiy 73 310 9 Y 7K EE RS FIVE K EE I

HARIFRES) (P I RIEARIFRE I 2SO HEGREEHKIT, FEUEZ
AR RN, B RE SR R m N PURRAE, M RIRaEFE. Kk, [FIFE#R
AR R AT B R KRR T

WAL (r): RBHFHGUB AR IR S ARG K R FE s« AR THE I Hisir &5k,
I AT BE/NT 0.1 MPa/(kgls) (Tester et al.,2006; 3F525%, 2016). IxitBARN

I, =(P

6
inj _Ppro)/q ( )
o Ppro N H KR IE T
REFE (Wp): EEAFRIRF/KFAENEZ DI E AR KL RE, THRE ARy (Zeng et
al.,2013)
q(Ry —Fe) —pag(h, —h,)

W, = 7
P o, ()

X hy KRR, hy NHKIFIRIE . 35 RN T8 R RN 7K PN FE3E A R B 451 2K
np 2158 80% (Zeng et al.,2013;Lei et al.,2020).

REEE (ne): TERABESRFENAE, BT HEREER D g BITEARXN
(Zeng et al.,2013;Lei et al.,2020)

. W, B 0.45,077p(hpro — him.)(l—T0 /Tpm)
e \nr 8
W (R,—P.)-pg(h —h,) ®)

4.4 BB R IAE T
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441 REFHBAEED (BRD

4411 ZHEX (FR1-D

Kl 6a &7 % 1-1 A AKEE (g B 20 SRR KR (Tpo) FIRHER (We) A
tho BEEEAGERIIN, HKEEARIRDN . HiEAGERN 20 kg/s BF, 45 20 4F HKIRE
TFEF] 119.8 'C, BEIEN 33.8%. MVE/KIEEEFZE 70 kg /s B, 5 FHKIRERER
109.6 T, % 20 HF[% 4 85.2 T. VF/KHEAEM G, VIR BESEE TR EHR, RN
T /INEKE R (% B . LA 20 kgls A1 70 kg/s M5, W4k HE BHLRAESS 5 4EAHAS. 5
5, 20 kgls FIK R —E & T 70 ko/s Ik HL&

AN BEAGTANE K I i J1 34 B A 2 3G i 4 i (&l 6b). 20 A2 AT ], 70 kgls
I 3 B BT AN /K HE R B 1142 58 0.03 MPal(kg/s)~0.05 MPa/(kg/s) Al 38.3 MPa ~40.0
MPa.

B VKR IE I, AR LI E M B (& 6¢). HHATRIED, AR AGEZK
K ELE TR IR AR ZZRBUN, ORI REFEZE R il i Re & AR 22 R OR. 20 4R[A], 20
kg/s A1 70 kg/s I [ e B R 43 il Jy 197.2~44.1 F1 57.2~2.1.

10
20 kg/s (T 50 ke/s (Tyeo)|
1}
180 T 20 kg/s (W) S0kg/s (W,)
N \-\ —— = 30) K (T ) 0 ks (T,)|
W ‘\ —_———— 30 Kg/s (I,) s——ii) ks ()
160 AR N, 40 kg/s (Ty) w1, ] 8
N, kg's (W) 70 ks (W)
Y
\! N
140 =%\ N,
~ -
Ny 6
o \ ~ z
4 ‘ ~. =
2 120 W S o
& . g
b~ w -~ =
O T N N e
SO N NS S e T -4
100 |- N,
Ny
\
80 =
60 =
P 1 | I 1 . 0
0 5 10 15 20
Time /year

(a) K (Tye) FIRHIEE (W)

0.06 46
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Fig. 6 Variation of production indexes at different injection rates over 20 years of case 1-1
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Fig. 8 Variation of Ty, and W, at different injection rates over 20 years of case 1-2
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Fig. 11 Variation of production indexes at different injection rates over 20 years in case 2
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