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ABSTRACT: A numerical modeling technique was developed to predict and analyze the interaction of complex
groundwater flow and heat transfer occurring in the geothermal production well and geologic formation during
geothermal water production for the enhanced geothermal system. The developed numerical modeling technique
can consider the complex specification and setting of the geothermal well and its linkage to the geologic formation.
It can accurately predict the pressure and temperature in the geothermal well under realistic conditions of geothermal
water production. The numerical modeling results show that the pressure decreases in the geothermal reservoir,
the depression expands horizontally, and the temperature increases around the production well due to the geothermal
water production. As geothermal water production continues, the heat loss of geothermal water due to heat exchange
between the production well and the surrounding geologic formations gradually decreases. Despite the continuous
slight heat loss, the temperature in the production well slightly rises from the bottom to the top. This temperature
rise is due to the thermodynamic properties of water. Using the numerical modeling technique presented in this
study, the intrinsic permeability, which meets sufficient criteria for producing geothermal water, is accurately
calculated. Therefore, this technique can be used as an effective tool for establishing the design and operation scheme
of the enhanced geothermal system.
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Z| 2 7|1 HSke] Azl gt A AlAIER] Q14
o] Skl mahA 7 B7h e 5 Aol 7}
&30} 7|15 E AR 71 59 =7 2 Al
A7} 78 1 = F=A o] th(Ministry of Economy
and Finance of Korea, 2020a). ©]o] wrekA] $-2] A
HE 20209 g FY Ao olojx adwE 3
Ao Ur g 112) 11 2050 ErAFY SR M RS
Foto] 2A7EES EA gt 553 <l th-e= =4l
3l IthMinistry of Economy and Finance of Korea,
20200, 2020b). ©|5 AL 2B Aekar 7
22 H=A7)7] Sfato] ol MBS F14saha
AT 2 o] Fa2 FHishe AEE AAIst
Ik, S-eiuteke] Aol A 2 WA % 714
2 A 0§ 71ZO 2 oF 8,756 GWSIH]
o] FollA HEe HREE ARt A QAR H¢-
oF 1,259 GW= ¢F 14% & A}A|$ttHKorea Energy
Agency, 2018). I} 2017 EF A Hof|A] WHAY
3 A% 0] AR Ad iRt oz RE %)
A o =) 9] PRl dhgt diFH <l 927t S-E 5
A AR 27He G Aol ] Aol A] F
S Aol AE o |A] AA|7} 3= A] Z3h
Aot o] I SHolA AR A E &
go 1o A4E WAz k4 o} 4= A
oFo] g o7l 7142 B8] Selueie} Zo]
Wit PiE 3 0= Ffjof sk 270l A] A7kt
o} AR A2 HFgoly T th=A 24
Al A&EH o7 g F o] HEgS i
4 glol 1 A B 714 HokE T 4
it olelg 4RSS AT glons Add @
|2 AR 9 2 kAol et =& EXAE
& 9l WY Aot 714 Aol olgolicke
P B2FULS G AR ) 2 2L T
o4 S AR 7|gE)

AR @ 72 AQ Aol Yoz 888 4 9)
=t ofu} A B2 FES Hsixi= EY(heat source),
AFF Ev A5 F+X(geothermal reservoir), X4
Sr(geofluid) 7} B! Q2olm, F2 AL A9

ES
oA olRt 8455 S5 4 thHuenges, 2010).
o’ A|H A AofkE SHE] skl vlSAIT
£ e s g4 BT 428 dude] &

8 BHo2 ABY RS Ao 7148 o
IATFE A8 Al2A"l(Enhanced Geothermal System,
EGS)o|akar slchTester et al., 2006; Huenges, 2010).
AFH o2 AF7ITS Ao oA 4] 7
AE AR Ao FYshT A ol #EL A
k= 48] A= (hydraulic stimulation) S 4=3)3}
A Ak ofuf A2 e AT WK
AY51A =, o]F0] HE= w|aA]X](micro-seismicity)
o= ehuA g 2150 oie B3} Balr) 2
& o|tHTester et al., 2006). AFTAFZ X E Al&
g9 A et &9 A oA T AL
A A A 2" S dgstA 29517 Yt g
o §% W £ z70|5, o|2 Se}] S A
Agze AE(LES BE g0t 52l 43S 5
ot 58 AYAHIA]4(Productivity Index, PI)e] A
(7 Sx 24) o] ZasltH(Glassley, 2015). T
3 AR AE,E BolY7] $I%t B = H
Wlo) 47 $17) W £ o 27l0] Rohxoz A
A= ojof st ojnff X|E F4HS B3l olE =
A Q4o Q-2 Wsh W dofalel B4 Wl
A F83F g Ao|th(Glassley, 2015).

TFUHoA= 20109 o] A E W #Ag
A 71s 4 283 7]gof tiet o8] A+ HA7E A
gl v glom, 58 2AH AFAFE A2 A
2" ASS R MWE A8 483 71& i
o] FAEE 23 |jolx] 278 u} 9lcHKorea
Energy Agency, 2018). 281} o] @A} A5 344 9
739-2017d QI A ol A HHAEEE A X 2}k A
of thigt A7 A7 1| o= STHE Aol 3
AR ARZARA Korean Government Commiission,
2019)°]l &Jate] s x| zlo] A F WA A E
Y= QAste] i ER| 7 (triggered earthquakes)
o WHd ol W sHEHsl ATel ko)
28 ol ok FAATH AP = F2 5
g A5 23 FA =Y o] WhE w4z g
# 27| al-ofahy Ei sol-shetd 2 AT
7} F2 o|FoJHHPark ef al., 2017; Kim et al., 2020;
Lim et al., 2020; Palgunadi ef al., 2020; Farkas et
al., 2021; Wassing et al., 2021; Yoo et al., 2021). &
A AR AT st A FHollA= 53] AR
S M54 olo] ofst P94 W7, A9
A Zlof| et A& FAHLE A7F AF Fofl A
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of Zro] 3% I7HA o] gaFy 9
Alof| Ad &-go] 4TS "] YaliAe=
i 7/ ofl et Atk ofy 2t QIS A F
18 Al2"19) F-42|5H4] EAS olsfistaL A
4 Gl gt o= AN = A= A=)
B A o] Fo| K of gt}

AFAFS AE A" #d 29 g
2eha] 2] mEly A1ES IA B AT
A7 Atolo]] gt Tl AlARl 2H-E gko] X
= A4 9 gt FEo) tigh a4 FAe= gt
A= (Jiang et al., 2014; Huang et al., 2017; Sun et
al., 2017; Yao et al., 2018; Asai et al., 2019; Cheng
et al., 2019)7} AAHY & 9 A= 34 AAE
ziom Bo| Az 9 BRo|HY 94 S5
402 3 d7tE(Noorollahi et al., 2015; Alimonti
et al., 2019; Renaud et al., 2019)2 W}t A=}Q]
75 F= AdF oy A dst Ay AFAE0], &
A}o] 7-9- sfgkgeto|ut o2 Fet Ay AqA=
o] AFE 3T webs] AR AFE2 At
A Wl A9 fA4 frEolv 7 A5 H i 72
29 g whof gt 7jgolut fjAjo] REsi, &
o] dHsta] B4 Haht A WA AHY &9 =
A 55 & sk Ztgint vtz T8 A+
2 AA g7t 3FE= A 20U E n
o] WAISHE 9l A\ 25o] g $4o] Hs)
R0 2 A% Yol q o] d-4elat Akt
AP Uell el 441 5 0 Qols Axe 27
HHoRE X BEL Fo shAo] BAehL ofel
1ol Qlo] o] AAE TR S AT W
£ w23 A7t Wi

B aTe) BEe ojzjgt wEe] A BAR A%
W AL A 7129 1) BEE Avos
A@s A Qe 2AE Feldoz B,
AR QoA Hashe B Aei 45 9 2
o159 AT e RISH 41 RUY 7]HS )
e Aolth, 293 o] Sale] 22 4
(Grof} Schinebeck)olA] =3iH AZ &A%} 270
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o, g A2 9 2
B2E AAIBH= Aol

22 AAl) et 71= A}

=20
21 GHEIEE 4% DEN NG YME M8
2lst 714
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At B9 44 B FAs] 91
o 7129 E-4~2]8H2 Al TOUGH2 (Pruess et
al., 1999)5 7|8t 2 2| g AP W7 2 x| Zof| 4
WS BRI 3 65 U 9 ol 5o A A
&2 F835H7] % 71 Jidsikgich. TOUGH2
£ "l LBNLoA 7t ohxbd o E-4=2jst
A 22 w2 A5, §4, H9FI 5o Hop
oA @] AMEE I it o] =L Integral Finite
Difference Method (Narasimhan and Witherspoon,
1976)¢] 7|¥tste] mEly] A o|4k3lelr] wiE
of RS BFAT A4 0L AE 4 9
= #3d0] 9lck. £t o] BEo|A Theke fA]
E£4& EE(module)E F3to] 12 4= Qitk. &
2o} gelo) vislel w2 2% §A10) WE 5
H3g7s s TeiE 4 ok 2 ATolAE
A&t HA L 71 ALY fA EAE 1T
9= EOS1 mE-S ARgatah.

A9 AL AR 4 9)no] Tetest A
oA, 44 o5 B2, A7|4FHZ(electrical sub-
mersible pump, ESP) & Y& #= I3 Y7 F
A F2ELE FAHIL o HsiA me- FaL
2, A=) wehA I ZR) ApeFe] Aolsttt. o)
T BRI A A2 ARL YItel o]5 7
25 g3stal 57Hequivalent) Q] AR} @ A o]
ASaI: 7o) Basich 2 A70]H AH4E TOUGH?
£ 2725kn 2RUT A% A48 YA} ok
7Hdel dEE Bt A o Q7] izl ol
o BT A% A4S T 4 oo

A% AP o2 BT ATl $, 2 o5 @
Abg 7 2 i) oA theel o] &
A gek D 22k-E, Aol4, o] i hrH oz
A 52 YASHA &L G olF FoAE M=
g Qojuto} 3k U/ 959 A% Bk 44 B2
(et AAR)E nir e ddwTte] o
ofuore, @ AAMRel B7) ZES Ut Ao
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9] A& FF3I] flste] A5t 22 3ol AA=E
7S H A HEsHA e 9] A5 (boost-up)
o] dojutof s=t] Sl Yol dEH o R F7}
Sk 270% 18T = e X 2 9 7o) uf
$ AFA . A AR EA1L}F TSt TOUGH2+=
7k AR} @ 259 AAE S5t A ol F(7A 1+
3) L Eol5(E ol% E Ax)o] FI=A] FAo &
ojdtt. A3 AFE St ZF AxF 9459 HA
Atolof| A dHErto] T El= BES RdE vt ¢l
S (Park ef al., 2016), o]& &85} 23t
F A EA19 49 A8 ALY WE A -5
TEEAVFFEEE V|E0E F o2 U
I T A7 AAZE AR FAY] HER
TOUGH29] source codeE 44/ 7)&slo] A3}
act WA 253 X E Aol whb= 7HY ok
ERY A7|5FHZ7R 9 2okl A1 olA=
A7 |4 HEE FUEE Y A B9 AFS
NS SRR AFFPIC 2 RE FdH A E
F7F A E A S ohebA St HA FH X3
HuHEAE)S sk 24 X 2E 89th
A7|FBZoA A2 A Ee F-U7HA 9
H Fholl A= A A FdTtolA 4E
(TA7] &= A%t 24 dE)s 2Fska A7)
FHZ YA A M 1S Fke] Hzo fdE
Aot LEE FAG A2 22 FE ohA st
= A 21& AAsto] 2] 2dF §kgltt o] 3
Fo= A G AR E o] FtHA FHY 2 E
9 2|33 SugHEHE)S 5HA "t of7]of|A of
# oA AxtE HEzR2 3949 =7 FAO
o] 71 M7 |eFHE AR FYUEEF HE-
E|ojof SR o] fATH o2 AFPAFHH A
= T35t AN AF LR WHYEES source
codeE 47/ 7\ &atich. watA o] HE 7HE &
& ot A4 XG4 FUTFolA A B4
F 57758 27 HETL L o] & Bigro| wh
E A Yol Ao gt =7 ALH 02 ALt
=A it

22 #X| 2 MY

A 2y g A5 % AL

[} “‘J:!:— =
9] 22 A FuH)(Grofl Schinebeck) 2] 2134 F5
A AT A% Bae) 248 stel 2

tH(Zimmermann et al., 2010). g A= & H]
SR oA g=2] A= Fhe] X F A A" A
T3 o m i At AAREo| wol 3= 3l
2 Aol Z-g5H3ieh A A HAAY A= 5
H e 23} g WA Z2AEQL 2AE0] §
ARgt Zwo] glom, A2 A k) ALY =3o]]
& TS & oIt EA FAP T A T AR
of % M| @go] o] glom, A% 2l 2
S A 9 AFE =8 Sl ArkBlocher et al.,
2010, 2015, 2018; Zimmermann and Reinicke, 2010;
Jacquey et al., 2016, 2018). 3l A LA o] AT =
o] )= Zlol7kx o] A WakA 2L SRR RE A
©719] 34t oHE w5719 Sk E E A, o
o 5= It FHY, A w5719 SHURF
Sl EgtolofAr| o] EJASL, S5 EtololAr] ¢
FoFe Z3ote EA S, AR ETtoloar| 9] A
IS Z3dshe B, F219 v =AY,

719 vl B A, A|3719) v d EFet ¢
A B ER LA ARkl A FE2 A
= BEsi, g9 2 U T L5 AT ¢
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et al,, 2010). 2 FolA BH3 H8719] shatet 9
Zoto] XS 4,354 m ~ -3,878 m7} =8 AQ
ZF-Zo|cH(Reinicke et al., 2005; Zimmermann et
al., 2010).

A 2dg] o2 i A3l thste] ¥ 500
m (x = 0 ~ 500 m), %] 5,000 m (z = 0 ~ -5,000 m)
9] o)A AN SHA ARLE ST 2™ 1)
AR} Qe o WFOR 207, A WFe R
451717} L= Yok 8 WFo 2= A FA40l 7t
ThESE A HH0] ol WA e g A3
ot 2] o 2= g o] AXH FFoflA 10
m 7H4 e 2 AdstA|, 51919 XS0l A= 2EsHA
T3ttt i A5 42 7189 &8 (Freeze
and Cherry, 1979; Domenico and Schwartz, 1990;
Fetter, 1994) & 3 x| 2] A+ Z3K(Reinicke et
al., 2005; Blocher et al., 2010)& &=t 243t
on, 53] @A=L Ffole SHE ALHAE
He 702 Alabg A3KOllinger et al., 2010)E
o] &8t & 1] A= o] k. 2 2|4 YA
2 SHROA BARE 7HA AL 7101 A AR FH o e
U2 AtolMe 2 REEg Y P T a g



CISHMFTE A& Ao WHY L X|ot

gHs7| fjste] 2159 A9 & dF A= 74
StaL 2191 A BAo] 7 Amoll A T ez
TS 2] RE Y FH9) FHRe Hetie

vz AEhet 4 BE Ekeia] = AARA %
Hojshg i = W] Tojl= (x = 500 m) A3}

A
e

7S AN 0|3 oF EIt R 2 247

ez} 2| go] WE 27] 2o LAY HAS
cqssich, 3] BULE 1029 710] chsted
Sapshecs.

ool Qe uheh o] 4% =@l TOUGH2
42 Bgste] AR B B @ 7=

9

Table 1. Stratified distribution and thermo-hydrological properties of the geologic formation.

Carbonifer Permian Triassic ~ Triassic ~ Jurassic  Unconsoli
ous volcanic ~ Permian Permian Triassic  sedimentar sedimentar unconsolid  dated
Property volcanic and sedimentar evaporates sedimentar y rocks y rocks ated sedimentar
rocks sedimentar y rocks P y rocks with with sedimentar y rocks
y rocks evaporates limestone yrocks (K, T, Q)
Top [m] -4,354 -3,878 -3,165 -2.381 -1,579 -1,328 =732 -366 0
Bottom [m)] -5,000 -4,354 -3,878 -3,165 -2.381 -1,579 -1,328 -732 -366
szr]“ity 10 10 10 2 10 10 20 20 20
Horizontal
g;};;?;;;lhty 1.00x10™° 1.00x10™* 1.00x10™ 1.00x10"° 1.00x10™* 1.00x10"° 1.00x10™ 1.00x10"° 1.00x10™
[m’]
Vertical
;@;ﬁ;;glhty 1.00x10™7 1.00x10™"° 1.00x10™" 1.00x10™7 1.00x10™° 1.00x10™° 1.00x10™" 1.00x10™ 1.00x10™"
[m’]
Solid
density 2,750 2,750 2,700 2,900 2,700 2,800 2,650 2,700 2,650
[kg/m’]
Specific
heat 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
[I/kg/C]
Thermal
conductivity 2.51 2.51 3.65 3.49 2.02 1.80 1.66 3.06 1.86
[Wm/C]
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-2500

z[m]

-3000
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-5000

-5500
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100
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Fig. 1. Schematic diagram of the geologic formation (modeling domain), geothermal production well, and grid ele-
ments used in the numerical simulations. The horizontal coordinate axis x is exaggerated 10 times.
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Table 2. Specification and thermal properties of the compartments of the geothermal production well.

Property Grouting cement Outer pipe Inner pipe
Diameter (outer) [mm] 508.0 ~152.0 400.0 ~109.0 114.3
Diameter (inner) [mm] 400.0 ~ 109.0 392.0 ~103.0 107.0
Solid density [kg/m’] 2,400 8,000 8,000
Specific heat [J/kg/C] 750 510 510
Thermal conductivity [W/m/C] 0.60 16.00 16.00
- Inlet Geologic Grout Inside of Inner Inside of
o' formation outer pipe pipe inner pipe
[] <> ] «> ]
<> <> <> <+
<> "_'ter <> > ] «—>
i <« JPPE > ] «—>
730 m «> <« > > ] «—>
> «> «>
«> «> >
<> <> «>
Inner > e «> >
pipe > «> > >
tioom | AL Bvasme | | | e/
pump (ESP) > R (| <) — d
«> «> T
Electrical
<> <> submersible
Discretization <« <> pump (ESP)
wassemiagsy| | s || <s
2,380 m —] > <>
14 «— [>T T
<«> <« <— Heat transport
> > <--% Fluid flow
<> <>
. Outer <> <>
pipe <> <>
«> «>
3,170m T i Dl -
«> «>
< <
Geologic > >
formation <> <>
<> <>
3,880 m <« P
«———>
4,350 m D Screen interval

Fig. 2. Schematic diagram of the geothermal production well and its discretization and assemblage for IFDM (Integral

Finite Difference Method) grids.
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Yol A (29 o) 1.52 MPa (15 atm) 2.
E 15t g FHAA Y f& FUF, 52
AIAE 47F2 20 kg/secE QBT

A g Aol G148 2291 JLE, Aol W
2 A= WA g A4S 7Y ol
o] 94 242 & 29 A7 Ho] Uck(Lindeburg,
2013). EZ Alo)A W FAl fr& T2 HF &
A 5 529 B A EFEES H4s)
817] f15te] FA19) 50 7= LAste] Darcy
9] H2lg 2= 71L& 819 Darcy-Weisbach
2o oJste] APE FaI-F-FSA |5 (effective
intrinsic permeability) & 2-831cHOlson and Wright,

(a) Initial condition (pressure)
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(c) after 1 hour (difference in pressure)
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1990; Sutera and Skalak, 1993; Munson et al., 1998).
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3.1 Rigis MM ol AIST RIPH0IM el
ee sl

WAL 913 A4l Aaro] A2PEel wetA
£33 7740 QA A% el A i) sletol
ML hefo] sk o] Azko] Aol uf
ehi GAH 02 AGgelA] olx i o &
AFEITHY 3). A A% F 18 o] el 4D H
249 20 m W) GolN gele] gzt way

(b) after 1 minute (difference in pressure)
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(d) after 10 days (difference in pressure)
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Fig. 3. Spatial distribution of (a) pressure at the initial state, and difference in pressure from the initial value after
(b) 1 minute, (c) 1 hour, and (d) 10 days in the geologic formation.
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5t31(27 3b) 1AZE Foll= s ¥ Hol oF 200 m
7HA| 7 E (1™ 3¢), 109 o] Foll= G99 A
of Sgsh= 500 m FE7HA] =L 3d). A
S W 2= 229 27] deoA 2= 4
W 2t o] Ao whebd 7kt Alo| & HojE
tH2E 4a). ol= oA A3t viet go] 122
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Fig. 4. Spatial distribution of (a) temperature at the initial state, and difference in temperature from the initial value
after (b) 6 hours, (c) 1 day, and (d) after 10 days in the geologic formation.
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Fig. 5. Vertical profiles of (a) pressure and (b) temperature of the geothermal fluid in the production well.
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