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ABSTRACT Exploiting geothermal resources, especially hot dry rock (HDR), is essential to reduce carbon emissions to build an
acceptable energy structure. The enhanced geothermal system (EGS) for mining HDR has experienced more than 50 years since it was
proposed in 1970, obtaining rich research results and construction experience. It is of great significance to review the EGS history, which
includes discussing the project site selection and thermal storage stimulations, summarizing the reasons for the shutdown of
demonstration projects, and indicating the key factors restricting EGS development. Based on this, the future development direction of
EGS is clarified, which can help explore deep geothermal energy and construct associated demonstration projects in China. The overall
development of EGS is divided into two stages, namely, the research and development stage before 2000 (a total of 14 EGS projects) and
the demonstration and quasi-commercialization stage since 2000 with a rapid development speed (a total of 27 EGS projects). By the end
of 2021, the cumulative number of EGS worldwide has increased to 41. However, the cumulative installed capacity of power generation
only reaches 37.41 MW. EGS is still on the learning curve, resulting in a long way to go to realize the large-scale commercialization of
HDR geothermal energy. The factors restricting the commercialization of EGS are the lack of policy support and capital investment, the
limitations of technical difficulty, and the unpredictability of the geological condition of the thermal reservoir, which weakens EGS

development and even causes its suspension or termination. Because of the complex geological environment of thermal reservoirs, the
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fracture network and associated reservoir quality induced by hydraulic stimulations are uncontrollable, causing the fractured quality of
the thermal reservoir to be lower than its critical value. It results in numerous adverse problems in most EGS projects, including
insufficient thermal reservoir volume, an unstable fracture network, associated heat exchange area, severe fluid loss, and induced
unacceptable earthquakes. Thus, the fundamental reason for EGS’s inability to commercialize is that it is challenging to form a
reproducible thermal reservoir stimulation model induced by the difference in thermal reservoir geological conditions and the
dependence of the existing stimulation technologies on the in situ reservoir geological environment. Establishing the database of HDR
and EGS plays an urgent role in EGS development by forming an accurate quantitative system of reservoir geological conditions to
explore the relationship between geological conditions and reservoir reconstruction and then build a replicable thermal reservoir
reconstruction technology. Focusing on new and demonstration stimulations for the thermal reservoir, such as the enhanced geothermal
system based on caving technology (EGS-E), FORGE, and DEEPEGS projects, may provide an acceptable way to break through the
dependence of thermal reservoir stimulation on in-situ geological conditions and form the “reproducible” deep-geothermal resource
mining system to realize the large-scale commercialization of deep-geothermal resources.

KEY WORDS deep-geothermal energy; enhanced geothermal system; hot dry rock; thermal reservoir stimulation; co-mining of

geothermal and mineral resources
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Fig.1 Development of the time and area distribution of EGS projects in the world
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Fig.3 Depth and reservoir temperature distribution of EGS projects around the world
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Table 1 Critical value of thermal reservoir parameters in a commercial EGS®

Parameters Critical value
Flow rate/( L's™) 50-100
Outlet temperature/°C 150-200
Effective heat exchange area/m” >2x10°

Parameters Critical value
Thermal reservoir volume/m® >2x10%
Fluid resistance/(MPa-kg s <0.1
Water loss/% <10

2 EGSHHELHENAE R

Table 2 Total installed power generation capacity of EGS projects

Installed capacity

Installed capacity

Countries Projects of power /MW Countries Projects of power /MW
USA Fenton Hill 0.06 Germany Neustadt-Glewe 0.21
France Soultz 1.5 Germany Landau 3.6
Japan Hijiori 0.13 Germany Insheim 4.8%
Australia Altheim 1.0 Germany Bruchsal 0.55
USA Desert Peak 1.7 Germany Grof3 Schonebeck 1.0
Australia Habanero 1.0 Germany Unterhaching 3.36*
El Salvador Berlin 6.0 USA Raft River 5.0%
USA NW Geysers 3.5% UK Eden 4.0%*

Note: * denotes planned installed capacity, MW.
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Table 3 Overview of the closed EGS projects

Countries Projects Lifespan Reasons for suspension or closure
USA Fenton Hill 1972—1993 Insufficient heat reservoir scale; Severe fluid loss
UK Rosemanowes 1976—1992 Severe fluid loss (above 70%); Earthquake (M, 3.1)
Germany Falkenberg 1977—1986 Low fluid temperature
France Le Mayet 1978—1986 Low fluid temperature
Japan Ogachi 1982—2002 Severe fluid loss (75%—90%)
Sweden Fjillbacka 1984—1995 Severe fluid loss (50%)
Japan Hijiori 1981—1986 Severe fluid loss (70%); Sudden drop in fluid temperature
Australia Hunter Valley 1999—2015 Lack of funds and policy support
Switzerland Basel 1996—2006 Earthquake (M,, 3.4)
USA Desert Peak 2008—2013 End of test
USA Coso 2002—2012 Drilling fracturing accident
Germany Bad Urach 2006—2008 Drilling fracturing accident
Australia Habanero 2002—2013 Lack of funds and policy support
Germany Horstberg 2003—2017 End of test
Australia Paralana 2004—2014 Lack of funds and policy support
Germany Landau 2007—2014 Earthquake
USA Brady 2008—2015 End of test
USA Southeast Geysers 2008—2009 Borehole collapse
Switzerland St Gallen 2009—2014 Earthquake (M,, 3.4); Insufficient flow rate
Korea Pohang 2015—2017 Earthquake (M,, 5.4)

Note: M,, denotes the earthquake magnitude.
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i LR IR G B, H TRRE  163 C BR [ F] 100 C
L.

EGS % 1 A e 2455 sl I8 i 1 0 48 8l 25 S 3L
PAH AR . BRI AR, FEAF: B A R AR = 1Y)

SN T E RS EHK, £ 2 8T EGS W
H B 5o 1k, #ilan, % -+ Basel W H™(M,, 3.4) .
8 ¥ Landau 3 H "I(M,, 2.7) #1#; [E Pohang 5i H
(M,, 5.4) W FEH R HIC KM 174 EGS I H
(£4),( B3ATHNRKBRREL T 200, BAH
6 /NI H B T 3.0 %, 589 i K i [E Pohang
W H, P St 7K 77 R 24 B 5 85 3 1 AL R
Wr)2 kA T R RS & T 5.4 P ™), wiih
] BURT Y 452143,

B 1% Bl v ™ B T RE SRR L BT A T S
W T2 EGS I H A& k. Ehan, 22 E /Y Southeast
Geysers 1 H PR g4 - - BE 14 I35 1 28 116, fl [ 1)
Bad Urach PR H: o #8 v B AF 47 7 16 Bl 48 B 4503
M2 4510,

AN, A EGS W H A7 75 B 5k i A ASE 14 R 35
FEA M EARZEM T, s 17 0 EGS W H i &
AN REIA 2K BL (3 Soultz T H 2k 1.5 MW)PL
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Table 4 Details of microseismic or earthquake activity in EGS projects’
Country Project Magnitude Lithology Country Project Magnitude Lithology
UK Rosemanowes 3.1 Granite USA NW Geysers 2.8 Sandstone
France Soultz 2.9 Granite Germany Insheim 2.4 Granite
Switzerland Basel 34 Granite Germany Grof3 Schonebeck 1.8 Sandstone
USA Desert Peak 1.7 Granite Switzerland St Gallen 3.5 Carbonate
USA Coso 2.8 Granite Germany Hannover 1.8 Sandstone
Australia Habanero 3.7 Granite Korea Pohang 5.4 Granite
El Salvador Berlin 4.4 Volcanic Finland Otaniemi 1.8 Granite
Australia Paralana 2.6 Granite USA Milford 2.0 Granite
Germany Landau 2.7 Granite

SR TR Y BRI R R R O M T 2
B S SB AL T PR A AT R o, W5 2 T | B
237 BB, i TR T e A S A R]
FA REURAH LU AR JE ICIL 2 1.

£ L ik, EGS 34k T W58 MOT A B BL, #HES
RAE R AATI A AR A B9 % 2558, 5 Z AR 2R e 4
fiff BACIE | MR P L A R RAE A5 D5 T N R A A
BRI, U S BOR (5, A RE S TR 3t
TABE R TR

4 REFEEEENSB

41 BlE551H: DEEPEGS Tl H

DEEPEGS (Deployment of deep enhanced geother-
mal systems for sustainable energy business, i 5 &
DEEPEGS) J& Mk % 21~ [/ ¢ 2016 4Rk 45 ) 3l Y I
MR I B, H H R WA [F BT AR T R
T2 CHARGREE R S km) #40f 00 % AR I 7w
T AR, SRR 4 XA G0 P R 5 Tk . 1o
FLBBEHE 4400 J7 BRTT, THRIHEAT 3 A TR A 1l £ 100
H i1 g A 5¢, B HIE 75 JF R A UK 5 Reykja-
nes Ji H B4, fg KB YRR B O 4659 m, fiff )2 i &
N 452 °C, 2 H i) il B 19 EGS T H , Al LA
S m FEALAH & H, R LA LAY 30 MW,
ZIH BT AR A5 OE R By b P H 4R 2 0
KIEHETH EGS B & HL AL,
42 HETHE EGS TEHH: FORGE it%l

FORGE 11 %" ( Frontier observatory for research
in geothermal energy, 4% 5 "4 FORGE) J& 3¢ [# fig Ji
i 2015 47 JF 4 52t A9 S8 EGS Ry T A%, | 72T
JB T A )2 3RAE L )= BT | At )2 W A VR
PR v L AR W AR, DB i — & “ T &7 1Y
WA RS T RIR R, I H S5 2423808, B

I 58 B 2R — Wi B 19 b o 48 4 F0 56 — B B 1) 37 b
P, 38 2 A0 fth oK 2 BB VR 5 Hb J5t iF 9% B¢ 19 Milford
T H A =B B, B Bt 49T 1.3
{¢.3270, LLBE Bh S8 Ul I . e | e ) 3 44 3% 3 4%
TR B AR G R S T4, Milford 35 H &5 #8
TRJE 2133.6~3854 m, M A% 5 4 50~65 °C-km™', fifi
JZIRE 175~230 °C; %0 H Jy B 1) 78 5 5 6,
BT R T i K B M ER T 5500 B B A HRE
RERS, B —Em nlZH4E", Wik, 5 5 g%
RETE AT 22 A3 20 A L R0 B A BE T & K
Syt S A b ARRE ) T A BRI T & A 1)
ZE0, T A T VR b BRI U ) RIS 7 L A
43 B EGS: ETHIZHIEEMM AL (EGS-E )
it J2 W By 2 R A R b R BRE ) 2 S bk R v
A [R] B o 3t 25 S A i R A, PR 2
T A o5 3 2 AR X B Ak b 5 2% 7 1 OB 1, T
“nJ AT P O R, A RE S T RO b A
REMY R AL TF . RO HEAR AT T HRFERN K RE,
HAEZHEMESERR | AMNE T L8 ME M
NA A&, VT LA S b ot 2% R R BR i, 74 R 24K
Hiy SO PR PR T T B CR T R S, S8 R H bR
W IR, BT I ) T2 B R b A R ¢
(Enhanced geothermal system based on excavation, fij
FR EGS-E) MO 7 SR R4 . B3 M R A 75 45 R
AREAR T K I3 OR B AT At B, SR 42
8 - 1A A R T 1Y O BB B I R gk AT
FRRE I, BEAT DL A % v IR A% 495 1 98 BR 3R 48 0k
A b JBT 2% 14 RN SR B R B R AR R A SR TR
HhPARE IR A i kb mT A 7 % figg o 52O,
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TR AT 7 FL b PG 5 R, 2 ) b 3R R
T, IR R ] R Lk & S I A0 3
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