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ARTICLE INFO ABSTRACT

The technical feasibility of Enhanced Geothermal Systems (EGS) has been demonstrated for the first time in
fractured crystalline basement rocks at the Soultz-sous Foréts project (France), thus creating a unique and vast
data base. At this EGS reference site, different hydraulic and chemical stimulation procedures and experiments
were performed in four wells at three different reservoir levels located between 2 and 5km depth. These
measures enhanced significantly the hydraulic yield of the three reservoirs, in some instances by about two
orders of magnitude.

In this compilation of hydraulic data, we summarize the achievements at Soultz during the development of
three reservoirs by more than 15 major stimulations over a 20-year period between 1988 and 2007. We evaluate
the efficiency of the different injection schemes used and provide details on the performance history and testing
conditions. In addition to the 52 experiments described for the testing phase, this compilation includes nine tests
under operational conditions conducted over the 2008-2013 period.

The evolution of hydraulic yield resulting from various injection, production, and circulation experiments is a
major achievement of the Soultz reservoir development. This experience points to two important results: 1) the
amount of total volume circulated between wells has a very significant effect on reservoir performance and 2)
given the large flow rate variation a common linear trend of pressure increase at higher fluid flow rates develops
that manifests over all three reservoirs. A strong focus is on the well tests in the intermediate reservoir allowing
for a characterization of productivity and injectivity indices. Our analysis showed that initial hydraulic condi-
tions from single-well injection tests are comparable to each other in the three reservoirs, but individual fault
zones may determine the stimulation behaviour. We identify progressive cyclic injection in combination with
circulation between wells reaching high hydraulic yields at comparatively low pressure. The Soultz data suggest
how to maximize injection and minimize induced seismicity. This unique data base illustrates the learning curve
achieved in Soultz and provides a strong basis for further conceptual model developments.
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1. Introduction

The International Energy Agency aims at a world-wide increase in
renewable electricity production using geothermal energy from pre-
sently about 10 GW, to 140-160 GW_ installed capacity by 2050 (IEA,
2011). Part of this growth is expected to be covered by Enhanced
Geothermal Systems (EGS), whose current capacity of about 10 MW,
would grow by more than four orders of magnitude, reaching 70-90
GW, by 2050. Against this background, what was learned at the EGS
test site at Soultz-sous-Foréts (France) in the Upper Rhine Graben (e.g.,
Gérard et al., 2006), has contributed significantly to the reservoir
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engineering and operational aspects of these systems. Along the Soultz
learning curve, a number of milestones in reservoir stimulation have
been reached. The objective of the present review is to highlight and
reappraise these major achievements.

At Soultz, EGS development comprises crystalline basement rock
and extends over three reservoir levels; i.e., at 2000 m depth (R2, at the
top of the granitic basement), at 3500 m (R3), and at 5000 m (R5).
About 15 major hydraulic and chemical stimulations were carried out
to improve reservoir condition at those different levels. The shallowest
reservoir lying at 1200 m (R1) in the Triassic sediments has shown
some occurrences of partial or total mud losses related to fractures
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zones during drilling operation (Vidal et al., 2015). R1 was never hy-
draulically tested or stimulated. During nine periods in 1997, 2005 and
between 2008 and 2013, long-term productivity was demonstrated in
R3 and R5. The deepest reservoir (R5) was developed to ensure elec-
tricity production.

EGS technology has been advanced further in follow-up projects
such as at Landau (Germany), Insheim (Germany), and Rittershoffen
(France, e.g., Baujard et al., 2017). At these sites, the concept of en-
hancing the naturally most productive reservoir level at the top of the
granitic basement was applied, as well as specific hydraulic stimulation
techniques (e.g., Schindler et al., 2010).

Monitoring hydraulic performance development in a reservoir is
typically based on different types of hydraulic tests. At Soultz, in the
initial phase of engineering of the different wells, mostly injectivity
index (JI) was determined, while at more advanced stages depending
on the performance of the well, productivity index (PI) is tested.
Typically at Soultz, PI and JI were measured at single wells, i.e. without
pressure measurement in a second well. It is important to note that the
present evaluation of Soultz tests is strongly related to an engineering
approach based on simplified hydrogeological concepts consisting of
representative elementary volumes of a single fracture and the sur-
rounding matrix (Bear, 1972). During the development phase, JI and PI
were determined using

JI or PI = g
AP

where Q is the flow rate and AP is pressure difference obtained at quasi-
stationary conditions downhole. IJ and PI are summarized under the
term hydraulic yield (HY) or reversely, the hydraulic impedance. For
specific test condition, we refer to the original reports and publications
listed in Annex A. Furthermore, it would exceed the scope of this paper
to compile the complex conceptual models developed (e.g., Baujard and
Bruel, 2006; Kolditz, 2002) that are relevant to understanding the de-
tails of effects of massive injections in a heterogeneous fractured
medium by accounting for the importance of the coupling between the
thermo-hydraulic-mechanical-chemical (THMC) processes.

At Soultz, the naturally fractured and engineered R5 fulfils most of
the EGS criteria established by Garnish (2002 Table 1). R5 has been
enhanced between 2000 and 2005 using different chemical and hy-
draulic stimulations and further improved by circulation during op-
eration. Until 2013, when a major restructuring started at Soultz, this
site was run as a multi-well and multi-reservoir experiment. The con-
tribution of natural hydrothermal fluids to total production is of about
75 % (Sanjuan et al., 2006).

In the framework of developing new environmentally friendly sti-
mulation and circulation concepts, this study comprises a total of 61
tests and circulation experiments and aims at providing general con-
clusions for EGS reservoir engineering. It summarizes and compares the

Table 1

Definition of Enhanced Geothermal System (EGS) by reservoir parameters (Garnish,
2002) in comparison with the R5 parameter of Soultz-sous-Foréts from 2011 (Cuenot
et al., 2011). .

EGS definition 2011 RS parameters

Flow rate 50-100 kg s~ ! 23Ls™ !

Mean wellhead fluid 150-200 °C 157.5°C
temperature

Effective heat exchange > 2:10° m? n/a
area

Rock volume > 210%m?® about 2.7-10° m®

<0.1MPakg 's™? 0.1 MPaL 's~!(GPK1, inj.)
0.05 MPaL™'s™! (GPK2,
prod.)

0.25MPa L™~ 's~! (GPK3, inj.;
GPK4, prod.)

0% (total reinjection)

Hydraulic impedance

Water loss at the surface <10 %
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Fig. 1. Temperature distribution at 2000 m TVD in the Upper Rhine Graben, URG,
(modified after Baillieux et al., 2013) based on (Agemar et al., 2012). Boreholes with
depths > 2000 m TVD are indicated by triangles. VM: Vosges mountains; BFM: Black
Forest mountains; OM: Odenwald mountains; KV: Kaiserstuhl Volcanic massif. Lambert IT
coordinates.

conditions and effectiveness of the major stimulations performed at
Soultz between 1988 and 2007 that to date are mainly published in
internal reports and found in the project’s archives. Additionally, we
provide a summary and present new data on circulation experiments up
to 2013. The study adds to an earlier assessment of Nami et al. (2008)
that discussed the reservoir enhancement resulting from chemical sti-
mulation operations in the deep reservoir suggesting that chemical
stimulation of different types may contribute more than 50% of the
post-stimulation PI.

This first comprehensive compilation of the performance across all
reservoirs includes the key information for all hydraulic operations
during development and operation phase at Soultz. It is part of a 4D
object-oriented database launched by GEIE Exploitation Miniére de la
Chaleur and the University of Strasbourg (Jahn et al., 2017).

2. Natural geothermal and hydraulic settings

The Soultz EGS site is located in the central Upper Rhine Graben
(Fig. 1), where local subsurface temperature maxima with thermal
gradients up to > 100 K km in the sedimentary cover of the Variscan
crystalline basement, provide favourable condition for geothermal uti-
lization (Genter et al., 2003). The origin of these temperature anomalies
has been attributed to free convection along the major faults (Bachler
et al., 2003 ; Kohl et al., 2000) that supported hydrothermal circulation
in the crystalline basement at the graben scale (Baillieux et al., 2014;
Guillou-Frottier et al.,, 2013; Pribnow and Schellschmidt, 2000;
Schellschmidt and Clauser, 1996). At depths > 3700 m the temperature
gradient recovers from < 10 K km™ to a normal geothermal gradient of
30 K km™ (Pribnow and Schellschmidt, 2000). Maximum temperature
of 201 °C is reached at 5097 m bottomhole depth in GPK2.

The spatial relationship between temperature anomalies and neo-
tectonic patterns indicates a compressional shear and uplift regime for
the major thermal anomalies of the central segment of the graben (Illies
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Table 2

Development of the three reservoir levels (R2, R3 and R5) with corresponding stimulated reservoir sections (m TVD) and natural JI (m
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3 s~ MPa~') with complete openhole sections (m

MD) of the wells EPS1 and GPK1-4 at the Soultz-sous-Foréts EGS site (Hettkamp et al., 2004; Jung, 1992; Jung et al., 1995; Tischner et al., 2007; Weidler, 2001).

EPS1 GPK1 GPK2 GPK3 GPK4
R2 (1400-2200 m) n/a 910~ 21071
(1990 —2227) (1965 —1999) (2098)
R3 (3000-3900 m) 510~ 3107*
(2845—3574) (3205 —3870)
R5 (4000-5400 m) 21074 n/a 1107

(4403 —5026) (4488 —5021) (4479—-4972)

and Greiner, 1979). Approximately N-S to NE-SW trending normal
faults caused general deepening of the top of the crystalline basement
towards the East during the formation of the graben. The local struc-
tural setting at Soultz is strongly influenced by a horst structure. As a
consequence, the top of the crystalline basement was encountered at
relatively shallow depth at the Soultz site (about 1400 m). It is com-
posed of two main granites with a lithology change at about 4700 m
depth that partly coincides with the vertical boundaries of the three
reservoir levels (Genter et al., 1999). The upper part (from 1420 to
4700 m) is referred to as potassium feldspar granite. An about 100 m
thick alteration zone at its top appears in different geological and
geophysical characterizations, such as a zone of low magnetic sus-
ceptibility (Rummel and Konig, 1991) construed as paleo-weathering. It
is characterized by high electric conductivity (Geiermann and Schill,
2010) interpreted to be caused by hydrothermal alteration, and high
values of heat production of up to 7 yW m™~> (Grecksch et al., 2003;
Pribnow, 2000). Below, this part includes an upper fracture cluster at
1800-2000 m depth in unaltered porphyritic granite with a mean
fracture density of about 1 m~! (Dezayes et al., 2005). Further down, a
number of naturally permeable zones were identified by significant
mud losses during drilling (Dezayes et al., 2010). Below, the potassium
feldspar granite includes a highly altered and fractured intermediate
section (between about 2700 and 3900 m) with mean fracture density
of 0.4 m™! and maxima up to 2.86 m~! (Dezayes et al., 2005). Typi-
cally, fracture zones with an enhanced tendency to shear during sti-
mulation fit with the occurrence of hydrothermally altered and frac-
tured zones (Evans et al., 2005; Genter et al., 1999; Meller et al., 2014).
The deeper part of the basement (from 4700 to 5000 m) corresponds to
a fine-grained two-mica granite with a mean fracture density of
0.6 m ! and maxima of up to 1.97 m~! (Dezayes et al., 2005).

The total vertical extension of the reservoirs (Table 2) has been
determined from the distribution of the seismic clouds during stimu-
lation (Beauce et al., 1992; Cuenot et al., 2011; Jones et al., 1995). It

R2, GPK2, 95FEBO2

-1,500
-2,000 @ R2,GPK1,91JUL18
-2,500
-3,000
. R3, GPK1, 93MAY27
E
o -3,500
g R3, GPK2, 93AUG19
-4,000
RS, GPK4, 04SEPO8
-4,500
+ RS, GPK2, 00FEBZ+ R5, GPK3, 03MAR11
-5,000
-5,500
1.-05 1.E-04 1.6-03 1.6-02 1.E-01

HY (m3 MPa! s1)

should be mentioned that in the well GPK1, R2 and R3 appear to be
connected. The seismic clouds during stimulation of R5 reveal a max-
imum reservoir depth of about 5400 m. R2 was assessed through the
well EPS1 to a depth of 2227 m, as well as GPK1 to a depth of 2000 m.
A test during drilling operation of GPK2 has been carried out in R2 at
the 2098 m depth level. R3 was developed between GPK1 and GPK2
that at the time had reached depths of 3590 m and 3876 m, respec-
tively. R5 includes wells GPK2, GPK3 and GPK4.

In the following, we will use indices R2 to R5 and G1-G4 to indicate
the different reservoir levels and wells GPK1 to GPK4. The natural
undisturbed hydraulic condition prior to stimulation arising from these
fracture settings are summarized in Table 2 for the three reservoir levels
R2 to R5 including their corresponding openhole sections.

Undisturbed JI in the different reservoirs were determined before
stimulation in single-well injection tests (Jung, 1992; Jung et al., 1995;
Tischner et al., 2007; Weidler, 2001). They generally reveal similar
values for R2 and R3 with mean Jlgrs r3,G1-62 = 60 *m*MPa's7!
(Table 2; Fig. 2). Exceptionally high Jlzs gy = 0.2 m® MPa~'s™! was
determined in R2 at 2100 m depth in the pre-stimulation test 95FEB02
for a fracture zone causing total mud losses during drilling of GPK2
(Jung et al., 1996). Given the lateral extension of the microseismic
clouds (Jones et al., 1995), an influence of prior stimulations of GPK1
on this value cannot be totally excluded.

Comparably lower undisturbed single-well JI are observed in R5
JIgs,G2-4 = 1-210 *m®*MPa~'s™! from GPK2 and GPK4 (Tischner
et al., 2007; Weidler, 2001). JI for GPK3 has never been determined
under single-well conditions. Its Plgs g3 = 210° m® MPa? s! appears
to be one order of magnitude higher than JI observed in GPK2 and
GPK4 (Hettkamp et al., 2004). It has been determined in conjunction
with injection into GPK2 and that the openhole section had reached the
already stimulated part of the reservoir during drilling.

Taking into account single-well tests, only, and excluding the
anomalous large Jlg, o, an undisturbed JI decrease with increasing

Fig. 2. Hydraulic yield (HY) of ambient, non-stimulated R2 to R5,
acquired in single-well injection tests (blue) at GPK2 and GPK4 and
under circulation and production conditions (red) in GPK3. (For in-
terpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Data source: see Annex A. Vertical bars indicate the vertical extension
of the respective openhole sections (true vertical depth below ground,
TVD).
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Table 3
Outline of the major injection and production periods (including hydraulic stimulation) in the three reservoir levels R2 to R5 a) in the reservoir development
stage including the according open-hole sections of the different wells in m MD, and b) the operation phase. Further details are given in Annex A.

a)
1988 |..[1991 [1993 [1994 [1995 |1996 | 1997 |.J2000 |..[2003 [2004 [2005  [2006 | 2007
R2 JIr2,61
1,966-2,000m
Jlrs,61° Plgs,61° JIrs,61°
2,850- 2,850-
2,850-3,590m" 3,590m 3,590m
Jlrs,2" Plgs,62¢
R3 3,211- 3,211-
3,876m 3,876m
*94JUN16: “95JUL09- *from
Pliscr 96SEP28 960CT13
495JUN16-
°93SEPO1: 2,850-3,400m 96SEP28
Jlgs 6" Plgs,co"
4,431-5,084m
Jlgs,G3
R5 4,558-5,102m
JIrs,Ga ‘ Plgs,ca® | JIrs,Ga
4,758-5,261m
‘to/from
03JUN10 205)UL11
b)
2008 2009 2010 2011 2012 2013
R3 Jlrs61 JIr3,61 Jlr3,G1 JIr3,61 Jlrs,G1 Jlr3,61
Plgs,62 Plgs,2 Plrs,c2 Plgs,c2 Plgs,c2 Plgs,c2 Plgs,62 Plgs,62
R5 JIrs,G3 Jlrs,G3 Jlrs,G3 Jlrs,G3 Jrs,G3 JIrs,63 JIrs,63 JIrs,63
Pls,Ga Plrs,Ga JIrs,Ga JIrs,Ga

depth cannot be excluded for the granitic basement at Soultz. So far,
such observations have been made for the hydraulic conductivity of the
gneissic basement world-wide (Ingebritsen and Manning, 1999), but
seem to be less evident for granitic basement (Stober and Bucher,
2007). It should be mentioned that JI values > 510~ *m®MPa's?!
apply to dominant single fractures or faults and that average granite
shows values < 110~ * m® MPa™ s°*.

During the development of the Soultz EGS project, different mea-
sures have been taken with the aim to improve the hydraulic yields in
the different reservoirs and wells between 1988 and 2013. An overview
of the major stimulation experiments and tests including production
and injection periods between 1988 and 2007 is given in Table 3a, with
corresponding values in Annex A. In R2 and R3 only hydraulic stimu-
lations were conducted (Jung, 1992; Jung et al., 1996; Jung et al.,
1995). In the wells of R5, hydraulic stimulations were followed by, or
combined with, additional chemical stimulation (Baria et al., 2000;
Gérard et al., 2006; Hettkamp et al., 2004; Tischner et al., 2007;
Weidler et al., 2002). Between 2005 and 2013, a number of eight long-

a)

notking oasting

113

term circulations (Table 3b) have been carried out between wells GPK2
to GPK4 in R5, partly combined with R3 involving well GPK1 (Annex
B). The following sections provide more detailed analyses of the testing
conditions. Volume (V), flow rate and the resulting differential re-
servoir pressure increase are used to hydraulically characterize the re-
Servoirs.

3. Hydraulic stimulation history of GPK1 and GPK2 in the
intermediate reservoir R3

3.1. Reservoir setting

R3 was engineered through the wells GPK1 and GPK2 with open-
hole sections of 740 m measured depth (MD) and 665m MD between
2850-3590 m MD and 3211-3876 m MD, respectively (Baria et al.,
1995). At these depths, the two wells are about 450 m apart from each
other (Fig. 3a, b). R3 was hydraulically stimulated first in 1993 through
GPK1 (Annex A). GPK2 was drilled into the outer part of the seismic

C) Fig. 3. Microseismic events (a, b) and flow
logs during injection experiments (c) during

5 % ”“‘Vz(u“" . ., different stimulation experiments in R3 in-

2,500 cluding the stimulations of 1993 (red), 1995

- (green) and 1996 (blue). The green line re-
presents the well path of EPS1. Soultz co-

ordinate system (km). Full/dashed line: 25 L

s '-/41 L s~ '-injection. (For interpretation

2,900
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0

4
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Fig. 4. Injection flow rate (red) and development of reservoir pressure (blue: GPK2;
green: GPK1) during 95JUN16 to 95AUGO09 experiments in GPK1 and GPK2
(Baumgartner et al., 1996). While in GPK1 the production was shut-in the late stage of the
experiment, pressure build-up in GPK2 is due to the injection. In contrast to conventional
injection experiments (e.g., 95JUL09) with a continuous stepwise increasing flow rate,
injection in the 95JUN16 experiment injection was stopped and pressure released after
each incremental increase of the flow rate in order to acquire flow logs. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

clouds recorded during the 1993 injections and stimulated in 1995 and
1996 (Annex A). For GPK1 a connection between R2 and R3 is indicated
by the events induced by the stimulations 93SEP01 and 930CT11
(Fig. 3a, b). The bottom of well EPS1 is located within this 1993 seismic
cloud, although showing a lower density of events compared to GPK1 at
the same depth. Also, a fault zone cutting GPK1 between 2710 and
3050 m depth has been observed in vertical seismic profiles. This fault
zone passes just below the bottom of EPS1 (Place et al., 2010).

In contrast to the possible connection between EPS1 and GPK1, the
connectivity between GPK1 and GPK2 has been successfully tested by
different tracer tests during circulations 95JUL09, 95AUGO01, 95AUG15
and 97JUL12 (Aquilina et al., 1998). Notwithstanding complete tracer
loss during the first 10 kg fluorescein pulse, fluid-chemistry indicates a
hydraulically connected fracture network without short circuit between
the two wells (Aquilina et al., 1997). During the long-term circulation
test (97JUL12) tracer injection characterized the flow field. Benzoic
acid and fluorescein peaks arriving after 144-240 h indicate that the
reservoir volume increased during 97JUL12 circulation and correlates
with the main flow path between the two boreholes (Aquilina et al.,
2004). This flow path is related to the fractured zones below the casing
(2850 to 2950 m in GPK1, and 3200 to 3360 m in GPK2) that were
enhanced by stimulation and absorbed 65% of the flow. A pressure drop
in the long-term circulation experiment 97JUL12 from 3.5 to 2 MPa has
been related to a flow redistribution (logged at 97NOV15) connected to
a single large fracture zone at 2860 m (approximately 10 m below the
casing shoe) increasing its hydraulic yield by nearly 100%. It accounts
now for 44% of the total flow into the reservoir (Baumgartner et al.,
1998). The high deuterium peak (at 430 h) is related to the specific flow
path of the 3500 m-deep fracture zone where deuterium was injected.
These fractures show indications of natural permeability during drilling
operations (Genter et al., 1995), which was confirmed by Jung et al.
(1995), when plugging the lower part of the GPK1 openhole section to a
depth of 3400 m led to a reduction of the Jlz3s; by one order of
magnitude. A total of 25-35% of the injected benzoic acid and fluor-
escein was recovered until the end of the test. A conservative estimate
indicates a minimum of 65% of natural brine contribution to the pro-
duced fluid. The fracture aperture calculated from tracer break-through
volumes is 2.9 102 m, whereas hydraulic aperture determined from
transmissivity is about 2.6 10 m (Jung, 2013).
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Fracture zones appear to be responsible for the high transmissivity
in the openhole sections in GPK1 and GPK2 (Fig. 3b). The connection to
tectonic structures became evident, as post-stimulation spinner-log flow
tests (Baumgartner et al., 1996, 1998) reveal five hydraulically sig-
nificant fractures in GPK1 between 2850 and 2960 m MD (Evans et al.,
2005) below the casing shoe that take up about 60% of the flow. Ad-
ditionally, fractures at 3230 and 3490 m MD take up about 22% and
15% of the fluid, respectively. These fractures are also observed in the
composite logs (Dezayes et al., 2010). The impact of the 93SEP01 hy-
draulic stimulation on the single fractures in GPK1 was evaluated in
detail by Evans et al. (2005). Permeability enhancement was found to
be limited to hydrothermally altered sections. In GPK2 fracture zones at
3240, 3350 and 3515 m MD identified in the composite logs with re-
spective thicknesses of about 0.5 m, 3 m and 12 m (Dezayes et al.,
2010) appear to be hydraulically active (Fig. 3b). Flow distribution
along the openhole sections reveal about 30% around 3240 m and
3350 m MD at about 20% around 3515 m MD during the 95JUN16
stimulation. Major flow redistribution occurs during 96SEP18 stimu-
lation at around 3240m.

3.2. Impact of test conditions on hydraulic yield

Due to changes in the boundary condition, single-well injection and
production or multi-well test configurations with circulation condition
should be first characterized individually. In the framework of the
current review, R3 was selected as the most representative example
from Soultz since intensive testing was performed without chemical
treatment.

In R3, five hydraulic stimulations were carried out successfully
between 93SEPO1 and 96SEP18 (Annex A) in the openhole sections of
GPK1 and GPK2. Two stimulation tests 93AUG19 and 930CTO1 failed
due to problems in isolating the lower part of the openhole using
packers. Single-well stimulations were conducted in 1993. The experi-
ment 93SEP01 was intended to stimulate the weakly fractured matrix of
the upper openhole section by plugging its highly permeable lower part
between 3400 and 3590 m MD.

GPK2 has been stimulated together with production from GPK1 in
the initial phase in 95JUN16 and 96SEP18. In 95JUN16, initially 300
m? of heavy brine with a density of 1180 kg m~> were injected and
gradually diluted by adding fluid that was produced in GPK1
(Baumgartner et al., 1996). GPK1 is used as producer up to the
44 1 s™ '-step and then shut-in. In GPK2, a shut-in phase was inserted at
each interval leading to a decrease of wellhead pressure between 2 and
5 MPa before stepping up flow again (Fig. 4). In 96SEP18, 12Ls™ -
production from GPK1 (3700 m?®) was limited to the first 25 L s~ '-in-
jection step (Jung, 1999). Afterwards, injection was increased in two
steps to 45 and 78 Ls™L.

The history and development of the hydraulic yield of GPK1 experi-
ments are shown in Fig. 5. The various hydraulic tests of GPK1 allow
comparing the impact of single-well injection or production testing to
circulation conditions, involving injection into EPS1 or GPK2. Initial
Plrs g1 and Jlrsgi determined in the single-well tests 93MAY27 and
93AUG19 are in the same range. During the first step test in 93SEPO1,
starting from natural matrix condition of JIgzg; = 510 °>m®>MPa~'s™?,
JI has increased to Jlrsg; = 610 *m®MPa™! s™! when employing
AP = 9 MPa at 18-36 L.s ™ *. This value corresponds to the initial JI and PI
range determined across the entire openhole section including natural
permeable fractures in 93MAY27 and 93AUG19. After stimulation of the
entire openhole section in 930CT11, flow rate reached 35L s~ ! at AP of
10 MPa leading to a total JIgs g = 110> m>® MPa™ s~ 1. This corresponds
to an increase by a factor > 10 compared to the initial natural Jlgsg;
(93AUG19) of the entire openhole section.

In the 94JUN16 production test, a volume of 6200 m® was circulated
with re-injection into EPS1. The AP of 3.4 MPa at flow rates of 18.5Ls ™!
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Fig. 5. Development of Jlrsgi and PI g3g; from-

2.0E-02
[03s€P01] [930cT11 [o51un14] “| [951UN16] single-well injection tests and circulation production
tests in GPK1 (blue: single-well tests, red: circulation
condition, green: hydraulic stimulations). During
W 95)uUL09, PI circulation GPK1 was used as producer with re-in-
jection in EPS1 (94JUN16) and in GPK2 (95JUN16;
1.5E-02 95JUL09; 95AUGO1; 95AUG15). Simultaneous
tracer tests were carried out over the entire periods
of the 95JUL09, 95AUGO1, and 95AUG15 tests.
= Data source: see Annex A.
©
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were interpreted as 0.410* < Plgsg; < 110*m®MPa's? by
Hettkamp et al. (2004) and Jung et al. (1995), respectively. Similar values
were found in: 1) the single-well injection test 94JULO4 at identical AP/
flow rate of 18 Ls ™! (Jung et al., 1995) and 2) the first, low-pressure step
of the GPK2 stimulation 95JUN16 at a flow rate of 12Ls~ ! and AP of
5 MPa involving production from GPK1 (Hettkamp et al., 2004). At this
point it seems that IJp3g; and PJrs g are comparable at different test
conditions. However, with the exception of 94JUL04 single-well test, a
significant increase in hydraulic yield is observed between single-well test
930CT11 Jlrs g, and circulation test 94JUN16 Plr3 ;. Maximum hydraulic
yield is observed in the 95JUL09 production test, after having injected and
produced more than 40 days in this well.

Stimulation experiments in GPK2 started in 1995. The respective
hydraulic yields for GPK2 are shown in Fig. 6. The initial hydraulic
yield of GPK2 determined in the tests 95FEBO2 and 95JUN14 are
comparable to the values of GPK1. After a first short stimulation

(95JUN14) at flow rates of 30 L's! and AP of 12.2 MPa, the 95JUN16
test was carried out (Jung, 1999). A step-rate injection test conducted
after stimulation (95JULO1) indicated that the impedance to flow had
been substantially reduced, but was now turbulent-like (Kohl et al.,
1996). Reverse flow was applied in GPK2 in the 96AUG14 experiment
after fractures with high JI in this well had been progressively plugged
during test 95AUG15 by re-injecting unfiltered brine into GPK2, and
Plrs 61 had dropped to 2.610°%m® MPals™! (Gérard et al., 1997).
Flow condition were re-established at the end of this test, when Plgs go
reached 1.4102m®MPa's !. A second massive stimulation of GPK2
was performed in 96SEP18. In this stimulation, one of the largest vo-
lumes ever used for stimulation in Soultz, 27,000 m® were injected at
flow rate steps from 25 to 78 Ls™* (Gérard et al., 1997). During this
experiment Jlr3 g, was slightly increased. The follow-up 96SEP29 test
showed that the flow remained turbulent-like (i.e., non-Darcian).

The hydraulic yield of the single-well production test 96AUG14 was

2.0E-02 95)UN14 95JUN 96SEP Fig. 6. GPK2 experiments with JIrs o and PI g3 g2
I v ’ [ > 16] measured during single-well injection tests
& 95JUN16.JI (95FEB10, 95JUN10, 96SEP18, 96SEP29), single-
! well production test (96AUG14) and circulation
production tests after 95AUG15 (960CT13,
1.56-02 ‘ - 960CT13"P| 97JUL12) (blue: single-well tests, red: circulation
s @ 96AUG14, PI condition, green: hydraulic stimulations). Tests
’ during 95JUN16 stimulation have been attributed to
= circulation condition at the beginning of the stimu-
‘g: 97JUL12, PI lation, when production occurred in GPK1, and to
; ’ single-well condition at the end of the test, when
""," 1.0E-02 | B-953UN16, 3t pressure was shut-in GPK1.
é Data source: see Annex A.
>
X
9 96SEP18,JI
2:0BH08 @ 95JUL01,JI ’
95FEB10,JI
0.0E+00 - | € 95JUN10,JI
15-Jun-94 01-Jan-95 20-Jul-95 05-Feb-96 23-Aug-96 11-Mar-97 27-Sep-97
Onset of testing
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confirmed by Plg3 g2 of 960CT13 and 97JUL12, which were carried out
under circulation conditions. JIrs g2 (96SEP18) is clearly lower com-
pared to the values of Plrsgo, when measured under single-well con-
dition.

It can be summarized that the hydraulic stimulation of R3 between
1993 and 1996 was very successful. Furthermore, different observa-
tions open perspectives to further investigation on the nature of the
fracture pathways involved. In the context of the general observation of
differences in PI and JI (e.g., O’Sullivan and Pruess, 1980), the initially
quite similar values of JI and PI in R3 confirm the experience from
other liquid-phase reservoirs worldwide (Garg and Combs, 1997).
Starting from identical values in 1993, the two stimulations of GPK1
showed an increase of first of Plgs g, that were later confirmed for
JlIrs,g1 for 94JULO4 (Fig. 5, Jung et al., 1995). Being used as producer
only without further stimulation, the subsequent history of JIgs g for
1995 is not documented here. The similarity in hydrogeological para-
meters is also supported by sophisticated non-Darcian flow analyses
(Kohl et al., 1997). In GPK2, Plgsg. is constantly high between
96AUG14 and 96SEP18 and maintained stable at the circulation of
97JUL12. It may be noted that non-Darcian flow was also postulated in
the interpretation of the 95JUN16 stimulation in GPK2. It describes the
characteristic pattern of R3 with successful near borehole stimulation,
but without affecting impedance at larger distances. The assumption of
matrix impedance is also supported by the missing breakthrough of the
tracer injected at this stage. At a later phase of GPK2 stimulation in R3
starting 96SEP18, differences between PI and JI appear (Fig. 6),
showing the expected pattern with lower JI, possibly due to plugging
from cuttings at the injector.

In terms of efficiency of reservoir engineering, similar stimulation
flow rates and volumes lead to similar hydraulic yields in GPK1 and
GPK2 (under circulation conditions). Against this complex background,
the question of the driving parameters for efficient stimulation remains.

4. Full reservoir stimulation and circulation behaviour
4.1. Stimulation overview

In Annex A, all 55 archived hydraulic tests performed over the re-
servoir creation period between 1988 and 2007 in the three reservoirs
of Soultz are detailed and referenced to publically available or original
reports. For each test its name, reference, well(s) and injected/pro-
duced depth range are given. In addition, the hydraulic yield, injected
chemical additives, and the “total single-test volume, =V” (i.e. the total
volume injected or produced during a specific test with injection having
positive and production having negative signs) and the “total fluid flow
volume, XTV” (i.e. the total volume injected or produced at a specific
borehole interval over the years without differentiation between in-
jection or production) are given. The single- and multi-step tests are
characterized by flow rate, differential down-hole pressure (where
available) and approximate test duration for the individual steps. They
can be specified as following:

e R2: Five injection tests, with four JI determined, only single-step
tests

o R3: 21 tests (incl. nine circulation tests) with nine JI and nine PI
determined partly under circulation conditions. Nine multi-step
tests were conducted.

® R5: 29 tests (incl. four circulation tests and seven tests including
chemical additives) with 17 JI and eight PI determined partly under
circulation conditions. 11 multi-step tests were conducted.

The complexity of the test conditions has increased over time.
Starting in 1988 only single-well and single-step tests have been
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Table 4

Comparison of ambient and maximum hydraulic yields, HY (m® MPa~'s™'), in the three
reservoir levels R2 to R5 at the Soultz-sous-Foréts EGS site.

Data source: see Annex A.

Reservoir Well  Test ambient Maximum Improvement factor
condition hydraulic yield
R2 GPK1 9-107* 7.7:073 8.6
GPK2 210! n/a n/a
R3 GPK1 510°* 1.7:072 28.3
GPK2 30°* 1.61072 53.3
R5 GPK2 210°* 11072 50
GPK3 n/a 3.91073 n/a
GPK4 1-07* 51073 50

conducted in R2. In R3, many multi-step tests involving more than one
well were carried out. Finally, during the period 2005-2007, multi-step
tests were carried out also with strong chemical reactants in R5. The
maximum pressure in Soultz of 19 MPa was measured for 48 h during
05MARO02 in GPK4 (see Baria et al., 2005). Neglecting the short-peak
injection (At < 3 h) of 03MAY27, a maximum long-term flow rate of
78 L s was injected in 96SEP18 at R3 in GPK2. Highest yield was es-
timated at R2 in GPK2 with JI = 210" m® MPa™ s! under ambient
conditions (see Section 2, test conducted in 95FEB0O2 during drilling
operations).

Final hydraulic yields in the different reservoir levels range from
about 510 *m®MPals? in R5 to>1.510"2m®MPa's?! in R3.
Major improvement in reservoir enhancement (Table 4) by approxi-
mately a factor of 10 was confirmed in the hydraulic tests 91JUL18 in
R2. In R3, improvement factors of about 30-50 have been achieved in
95JUN16 and 960CT13 and confirmed in the long-term circulation test
97JUL12. An improvement factor of 50 was reached in the circulation
test of 03JUN24 in GPK2 in R5. Except from the contribution of the
03FEB12 acidification with maximum flow rates of 30 L s~ ! and a total
injection volume of 1460 m?, all major enhancements were obtained by
hydraulic stimulation, only. In R3 and R5, all maximum hydraulic
yields have been observed in the respective production wells and under
circulation conditions.

4.2. Analysis of hydraulic testing and stimulation characteristics

With the aim to further investigate major hydraulic characteristics
of stimulation operations, we have analysed the volume, the flow rates
and the differential pressure at stationary condition of the hydraulic test
experiments (see Annex A). Herein, only those data have been analysed
that refer to hydraulic stimulation tests that are not perturbed by
massive chemical stimulation. The effectiveness of chemical stimula-
tions is discussed by Nami et al. (2008).

Under these premises testing of GPK4 is excluded since most sti-
mulations in this well are of chemical nature as well as experiments
carried out after the 2005 long-term circulation in R5, which also in-
volved strong chemical reactants. However, the analyses include sti-
mulations 03FEB12 in GPK2 and 03JUN27 in GPK3 with weak chemical
additives (0.18-0.45% HCI). Furthermore, results from the 95AUG15
test are excluded due to clogging by injection of cuttings. Effects from
the two long-term circulation tests are treated at the end of this section.
From all tests conducted in all Soultz reservoirs, 40 are considered in
the following three analyses. Due to different number of acquired data
for the individual tests, each of the three analyses account also for a
different number of tests. For instance, the five-step test 95JUN16 is
included five times in a pressure to flow rate analysis, but only one time
in a maximum volume analysis. The total single-test volume for the
considered experimental subset ranges from 4 m® to 34,000 m>.
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The single-step injections at comparably low flow rates between 3
and 15 Ls™ in R2 caused comparably low differential pressures with a
mean value of about 5 MPa. A trend of increasing differential pressure
with increasing flow rate is observed (Jung, 1992). The experiments in
R3 and R5 generally involved higher flow rates. They were mostly
conducted using a multi-step scheme and include those experiments
that lead to high improvement factors (see Section 4.1). As expected,
the mean differential pressure in this group of experiments is generally
higher than in R2, and shows a larger variability. Fig. 7 (blue dots)
illustrates the flow rate ranging between 12 L s~! (93SEP01) and ty-
pically up to 60Ls™!, and up to>90Ls™! (03MAY27). The
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Fig. 7. Flow rate Q and differential pressure AP for
the high (blue) and low (red) total single-test vo-
lumes for 88NOV302 (GPK1, R2), 88DEC13 (GPKI1,
R2), 91JUL11 (GPK1, R2), 91JUL18 (GPK1, R2),

UBMAY2T G3 960CT13 (GPK1, GPK2, R3), 930CT11 (GPK1, R3),
i = 00JUN30 (GPK2, R5), 93SEP01 (GPK1, R3),
e 95JUL09 (GPK2, R3), 96SEP18 (GPK2, R3),
= 95JUN16 (GPK2, R3), 03MAY27 (GPK3, R5) (or-
dered by increasing total single-test volume.The re-
@ 965EP18 G2 servoir specific and overall regression lines with
overall AP = 0.102MPaL 's™' Q + 6.86 MPa
(R% = 0.72) represents a fit without the outliers for
94JUN16, 95JUL09, 960CT13 and 960CT28. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
Data source: see Annex A.
® R2
® R3
R5
= =Trend
80 100

differential pressures in the reservoir range between 8 and 13 MPa (17
MPa peak value). Besides individual trends in R2 to R5, a general trend
between flow rate and differential pressure of 0.1 MPa s L can be
identified for all three wells and reservoirs (Fig. 7). Around this re-
gression line most experiments range at AP = = 2.2 MPa, being
characterized in Fig. 7 by a grey shaded area representing approxi-
mately a + 30% variation of differential pressure. It can be stated that
the reservoir performance in R3 and R5 shows the expected behaviour
of increasing pressure with fluid flow rate. Given this general linear
trend, it needs to be noted that other analyses have identified a non-
linear nature of individual test sequences in post-stimulation tests,

20 Fig. 8. Total single-test volume, XV and maximum
differential pressure AP, for the high (blue) and
low (red) total single-test volumes at the Soultz EGS

18 ® R2 site. Last value in the data label indicates the max-
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Fig. 9. Hydraulic yields, HY, obtained from stimulation and test experiments in wells
GPK1, GPK2 in R3 and GPK2 and GPK3 in R5 versus the total fluid flow volume TV
(Data: see Annex A). Data include experiments and the tests of 93MAY27 to 95AUGO01
(GPK1, R3), 95FEB10 to 95JUN16 and 960CT13 (GPK2, R3), 990CT13 to 03JUN24
(GPK2, R5), 03MAR11 to 04AUG17 (GPK3, R5). Well and reservoir specific as well as the
overall regression with overall HY = 10" m®s 'MPa~! - =TV (R? = 0.77) include all
data point. Similar behaviour can be deduced from R2 (not shown).

especially for R3 (Kohl et al., 1997) that can only be evaluated by more
detailed data interpretation.

The outliers in Fig. 7 with much lower differential pressures versus
flow rate are observed for 94JUN16, 95JUL09, 960CT13, and 960C-
T28. Except for 960CT13, these are post-stimulation circulation tests
and represent the highest hydraulic yields. The experiments and in-
jection schemes for 95JUN16 and 960CT13 will be described in detail
in Section 4.3.

In order to cross-check the link between differential pressure and
flow rate, the relation between maximum differential pressures and
total single-test volumes is shown in Fig. 8. A pressure increase with test
volume of about AP, = 310* MPam>2V + 5.67 MPa defines an
upper bound trend. It is controlled mainly by tests with maximum flow
rates of < 15Ls™ ! into GPK1 in R2 and between 50 and 95 L s~ ! into
R3 and R5. Total single-test volumes that were injected at flow rates
between about 18 and 25Ls™ ! (94JUN16, 95JUL09, 960CT13, and
93SEPO1 tests) show reduced maximum differential pressures.

The presented linear trends are derived at test periods when the
initial transient pressure build-up has reached saturation (at about 6
MPa) and at which hydro-mechanical interaction impedes a continua-
tion of the initial pressure increase. Interestingly, this observation
compares nicely with the seismic observations in R3 when noticeable e
seismicity started at approx. AP > 3 MPa (Baria et al., 2004).

For a refined analysis for each reservoir, i.e., the hydraulic yield,
accounting for PI and JI, as a function of total fluid flow volume is
studied. Fig. 9 illustrates the trend of increasing hydraulic yield with
increasing total injected volume for the individual reservoirs and the
overall site. While the trends for the wells GPK1 and 2 in R3 and R5 are
rather similar, the increase in hydraulic yield in GPK3 is significantly
lower. A linear trend with a mean gradient of 107 m® s MPa * per m™
is observed across the different wells and reservoirs.

In summary, the outliers (960CT13 and 95JUN16 with the corre-
sponding test 95JUL09) indicate promising structures with low-pres-
sure increase that could have key importance for mitigating seismic
hazard. Indeed, maximum moment magnitudes from downhole sensors
of Mw = 0.1 in 1995 and Mw = 0.3 in 1996 (Gerard et al., 1997) are
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by up to one order of magnitude lower compared to all other stimula-
tions (Emmanuel Gaucher, pers. comm., 2015).

The general linear trend between hydraulic yield and total fluid
flow volume suggests that the total amount of fluid that was flowed
through a well interval correlates positively with the performance of
the Soultz reservoir. Against this background, the long-term circulation
experiments 97JUL12 in R3 and 05JUL11 in R5 were accounted for,
too. In both experiments, GPK2 was operated as a producer allowing for
a quantification of Plgpk,. During 97JUL12 when GPK1 was used as an
injector, a total single-test volume of XV = 244000 m® was circulated
during 125 days. During 05JUL11 when GPK3 was used as an injector
with GPK4 being an additional producer, a total single-test volume of
2V = 165000 m® was produced in GPK2, representing 80% of the total
production during the test. Comparing the corresponding hydraulic
yields of these two tests to the data presented in Fig. 9 highlights a
similar pattern: the PIs of GPK2 in R3 (red dots in Fig. 9) drops from a
maximum of 0.016 m®s™ MPa™ to 0.008 m®s™ MPa™ at the end of the
97JUL12 experiment. In R5 (green dots in Fig. 9), they decrease from a
maximum of 0.01-0.009 m*®s™ MPa™ in 05JUL11. Correspondingly, JI
of GPK3 (orange dots in Fig. 9) decreases slightly from 0.0035 to
0.0025 m®*s* MPa? in 05JUL11. Both large-volume circulation ex-
periments point therefore to a stable or even slightly decreasing hy-
draulic yield. Such behaviour has been attributed to thermo-hydraulic
effects caused by heating (Jung, 1999). This effect will be investigated
further when analysing the operational data.

4.3. Progressive cyclic injection experiments

In contrast to conventional injection experiments with a continuous
or stepwise changing flow rate, these experiments include alternating
sequences of injection and pressure recovery possibly combined with a
progressive change in flow rate. Concepts of cyclic injection in oil re-
servoirs are a standard tool to improve recovery rates (e.g., Monger
et al., 1991). It is however beyond standard application to geothermal
reservoirs. Progressive cyclic injection in EGS has been approximated
first during the 93SEPO1 hydraulic stimulation of GPK1 in R3 (e.g.,
Evans et al., 2005). After having stepped up injection to 12 Ls™?, four
subsequent steps up to 36 L s~ !, with short (few hours) shut-in inter-
vals, have been applied. These intervals led to a decrease in wellhead
pressure by a maximum of 7 MPa. Since 93SEP0O1 was targeted speci-
fically for improving the lower permeable structures with the most
permeable fractures sanded off the result of this progressive cyclic in-
jection scheme cannot be directly compared to the success of 95JUN16.

Although carried out with the intention to measure instantaneous
shut-in pressure before starting the next step, the injection scheme in
the 95JUN16 experiment approaches best modern stimulation con-
cepts. It is shown in Fig. 4 with six flow steps, each with durations of
1-2 days, with flow rates increasing up to 56 L s~ *. The total pressure
reached values 42 and 45 MPa during this test. The success of this ex-
periment was revealed by a post-stimulation step-injection test
95AUGO01 when GPK1 and GPK2 had nearly identical hydraulic char-
acteristics with approximately 20 L s™! injected at an overpressure of
3.5 MPa (Baumgartner et al., 1996). This is significantly lower than the
critical pressure for fracture propagation.

Such injection schemes were also later used in other geothermal
wells such as in GtLa2 at Landau (Schindler et al., 2010). In the TH1
Genesys well at Hannover (Germany) a modification of the “huff-puff”
concept was applied (Tischner et al., 2010). The observations during
95JUN16 agree with the nearby Landau site when a PI of 0.01 m®s™?
MPa~! was obtained also by progressive cyclic injection at peak flow
rates of up to 190 L s~ ! (Schindler et al., 2010). Furthermore, pro-
gressive cyclic stimulation concepts have gained interest by showing a
reduction of both, the total number of induced seismic events, as well as
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the occurrence of larger magnitude events. This is explained by the
concept of fatigue hydraulic fracturing (Zang et al., 2017), and is in
agreement with the observation of reduced maximum magnitude (see
Section 4.2) and the smaller number of seismic events (5000 to 6000)
registered by downhole sensors (Gerard et al., 1997) compared to
nearly 20,000 downhole events in the 1993 stimulations, also regis-
tered by downhole sensors (Jones et al., 1995).

It may be noted here that a detailed evaluation of pressure versus
flow curves will result in a better understanding of the physical pro-
cesses involved. As such, non-linear effects with identical flow to
pressure patterns arise from step-injection (94JULO4, 95JULO1,
96SEP29) and production (94JUN16) tests in R2 (Kohl et al., 1996;
Kohl and Rybach, 2001). The validity of this observation, i.e. non-
Darcian flow, is typically restricted to pressures < 3 MPa in GPK1
and < 6 MPa in GPK2 and confirmed over four hydraulic steps. Per-
meability enhancement seems to start at pressures above these critical
values. Original analyses had indicated that complex hydraulic flow
regimes are not restricted to near-well vicinities, but rather extend large
distances until reaching high capacity far-field faults (Kohl et al., 1997).

5. Operational reservoir behaviour

The operational phase of the Soultz EGS project started in 2008 and
is conducted mostly combining R3 and R5. Herein, operation will be
analysed until 2013 when a major restructuring of the Soultz project
began (Table 3). During this period, the operation took place over 55%
of the time with nine individual operation cycles ranging from a short
operation periods of 31days up to a long operation interval of
323 days. Annex B provides an overview of the total 1.4 million m®
circulated.

Apart from 2008 to 2009, when an additional 12 Ls™! were pro-
duced from GPK4, GPK2 was the only production well. During opera-
tion, circulation was maintained using different pump configurations.
Production at GPK2 was accomplished with a line shaft pump first in-
stalled at 350 m depth and then reinstalled at 250 m for the second and
follow-up tests. GPK4 was equipped with an electrical submersible
pump mounted at 500 m depth. Both are operating at maximum pres-
sure of about 2 MPa. The produced fluid was cooled at the surface using
a secondary cooling system and re-injected into GPK3 using one of the
two surface injection pumps with a minimum pressure of 4.7 MPa
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Fig. 10. Evolution of GPK2 HY, JI until 03MAR11 and PI starting from 03JUN24, in the
R5 measured during single-well injection tests (blue) and circulation production tests
(red). Note that despite the low-volume production in GPK3, the test 03MAR11 has been
classified injection test here. Hydraulic stimulation is indicated in green. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Data source: see Annex A and Annex B.
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(Genter et al., 2012). Injection into GPK1 was integrated into the cir-
culation since the 09MARO1 experiment only using gravity. Since the
11JANO5 experiment, re-injection into GPK3 was carried out without a
surface injection pump. A key objective in the operation phase was to
prevent major seismic events and to monitor the seismic response as a
function of injection pressure (e.g., Cuenot et al., 2011). Unfortunately,
with the exception of 1I0NOV15 (Schindler et al., 2010) and 11AUG08
(Genter et al., 2011c) no further detailed evaluation of the hydraulic
situation in Soultz was conducted. This restriction only allows us to
draw preliminary conclusions.

GPK2 acted mostly as an injector until April 2003, and was con-
tinuously used as a producer thereafter. Fig. 10 depicts this situation
and the evolution of the apparent hydraulic yield in R5. As noted ear-
lier, the stimulations of GPK2 (00JUN30 and 03FEB12) have increased
the JI up to 0.005 m®s~! MPa ™. The subsequent PI supported by the
stimulation 03MAY27 turned to be a factor of two higher, leading to
Plgs, g2 of about 0.01 m* s~ ! MPa ™! that was achieved during the long-
term circulation test 03JUN24 and reproduced in 05JUL11, two years
later. With the change from JI to PI a bias may be introduced to the
hydraulic yield values due to buoyancy effects that is not accounted for.
Therefore, we consider these values as maximum hydraulic yields.
These maximum values can be compared to the only available PI data
on the two operation cycles (10NOV15 and 11AUGO8) that appear to be
twice this value after being in operation for a total of 793 days. Under
the premises that this increase is due to a reservoir improvement, we
may relate this to an increase rate per total fluid flow volume of about
1.010® m® s MPa™! per m®. This value would be in contrast with the
earlier observation (see Section 4.2) of a hydraulic saturation around
GPK2 during 05JUL11. As a consequence, these values will be discussed
below.

The importance of a casing leakage as a cause of the increasing
hydraulic yield of GPK2 has been discussed (e.g., Jung et al., 2010).
When GPK2 was cased down to 4403 m the earlier openhole section of
the R3 was cased off. After the loss of a logging tool, a casing restriction
was detected at about 3890 m depth, next to the depth of well deviation

10
® GPK1 (no injection pump)
9 GPK3 (with injection pump)
@ GPK4 (no injection pump)
8 GPK2 (production pump)
7 # GPK4 (production pump)
E GPK3 (no pump)
£
2 O
H]
:
g 5
©
©
2 4
i
= 3
2
1 @
Q ® .!
0
0 5 10 15 20 25 30 35
Q(Ls?)

Fig. 11. Operational data of GPK1 (blue), GPK2 (green), GPK3 (orange) and GPK4 (black)
in R5 with mean injection (circle) and production (diamond) rates over the different
operation periods and mean wellhead pressure between 2008 and 2013 at the wellheads
of GPK1 to GPK4. Full/open circles indicate operation without/with injection pump. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Data source: see Annex B.
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and opposite to a fault zone at the bottom of R3. Pfender et al. (2006)
proposed three major flow zones in the inaccessible deeper part of
GPK2 using a brine displacement analyses from the low-rate injection
test 06MAR13. Two flow zones are located below the casing shoe taking
about 85% of the flow whereas one with a contribution of > 15% of the
total flow is postulated to be at 3860 m within the cased section (Jung
et al., 2010; Pfender et al., 2006). Assuming constant leakage over time
with a contribution of > 15%, a minimum contribution to the hydraulic
yield between JI = 810~ % and PI = 1.510 *m®>MPa~'s~! can be
calculated. Jung et al. (2010) concluded that instantaneous reaction to
pressure changes indicates the influence of the near-well domain rather
than from the fracture zone aligned with this leak. Given the JI increase
in Fig. 10 and the brine displacement analyses relating JI to pre-op-
erational conditions, a first-order assessment indicates that the con-
tribution of the casing leak and of the reservoir are of the same mag-
nitude.

Lacking further hydraulic analysis of operational data, e.g., using
borehole simulators such as Nusiaputra et al. (2016), we outline here
the hydraulic behaviour in terms of wellhead pressure and flow rate.
Fig. 11 combines the different values for the three R5 wells and the R3
GPK1 well. In the wells GPK2 and partly GPK4 (during the period
2008-2009), fluid was produced at flow rates between 8 and 31 L st
and wellhead pressure of 2 MPa fixed by the line shaft pump. With the
aim of reducing seismicity to a minimum, the injection wells GPK1,
GPK3 and GPK4 (period 2012-2013) have been operated at minimum
pressure inferred from the wellhead observations. As such, flow rates
<121Ls™! with typically wellhead pressures of < 1 MPa had been used
for GPK1 and GPK4. In contrast, injection in GPK3 at low flow rates
<9Ls~ ! caused higher wellhead pressures of 1.8 MPa. With the in-
jection pump at GPK3 being off during most of the operation, we may
extrapolate a linear increase of wellhead pressure with flow rate by a
gradient of a = 0.31 MPa s L™ . It may be noted that this value would
agree with the earlier history of GPK3 in 2008-2010 when wellhead
pressures of up to 8.7 MPa at 27 L.s~! were reached.

In summary, it is indicated from wellhead data that GPK1 and GPK4
reveal a better JI compared to GPK3. The apparent, most positive
performance of GPK2 during operations is questionable due to effects of
buoyancy and borehole integrity, and must be addressed by more so-
phisticated techniques such as borehole simulators.

6. Conclusions

The development of the three Soultz reservoirs took place over more
than 20 years. The investigations during this period allowed for key
EGS technology findings concerning geological, hydraulic, thermal and
mechanical conditions. The presented experimental review illustrates
the engineering learning curve achieved in Soultz. Although it is re-
stricted to a first-order assessment of hydraulic effects ignoring these
interactions their implications are obvious: As such, the various high-
flow fracture zones correlate with alteration zones and slip tendency.
Furthermore, the injection pressure during operation was limited to
reduce seismic hazard. However, this compilation indicates clear pat-
terns of the hydraulic behaviour at Soultz.

From this perspective, the different phases of reservoir development
highlight the experience gained on hydraulic stimulation. Despite all
stimulation efforts, the high natural hydraulic performance of the
shallow R2 reservoir observed in GPK2 remains unique. Low injection
rates into GPK1 (R2) demonstrate the feasibility of hydraulic
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stimulating less permeable zones. At the R3 reservoir flow rate was
drastically increased. Finally, R5 being developed as a triplet EGS op-
eration started with observation of induced seismicity. The presented
review indicates clear trends for effective hydraulic stimulation ex-
periments carried out at this worldwide unique EGS reference site. Our
analyses reveal that:

e With the exception of GPK2 in R2 and GPK3 in R5, the initial hy-
draulic conditions from single-well injection tests are comparable to
each other in the three reservoirs. Thus, this allows for a comparison
of the effectiveness of different stimulation measures.

The case study of R3 reveals that JI and PI are comparable in the
initial phase of stimulation. They differ, however, by orders of
magnitude in a more mature hydraulic setting.

During stimulation, hydraulic yield appears to be enhanced most
effectively using cyclic injection schemes in combination with cir-
culation. This is confirmed in follow-up EGS projects e.g., in Landau.
Its advantage is a significantly low injection volume.

Volume appears to be key driving factors for enhancing hydraulic
conditions of Soultz. The effect seems to be more important during
hydraulic stimulation compared to circulation at low flow rates.
Typically moderate flow rate, long-term circulation experiments do
contribute less significantly to improving hydraulic yields. The long-
term behaviour over several years can be analysed only using
borehole simulations that infer reservoir condition from wellhead
data.

In all the above statements borehole integrity plays an important
role. After many years of testing there are unfortunately now several
borehole sections inaccessible for logging or any other operations. This
may be caused by mechanical instability of the rock matrix during
stimulation. A safe implementation of hydraulic stimulation is crucial
for production from EGS reservoirs.

In the last years, the production in Soultz was optimized for redu-
cing induced seismicity during operation. It was achieved by reducing
the injection wellhead pressure leading to a reduction in production
flow rates by almost 50%. For the further development of EGS to eco-
nomic levels, this learning curve needs to be continued by applying
controlled high-flowrate injection.

Finally, this compilation presents a starting basis for future research
in fractured rock that should target more extensive conceptual models
of this most intensive and documented site. This first assemblage of the
hydraulic performance in Soultz provides key aspects to design and
engineer EGS performance at other locations.
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Annex B. Overview of the circulation experiments in the deep reservoir levels III at the Soultz-sous-Foréts EGS site (Data sources: Cuenot
et al., 2011; Genter et al., 2011a, 2011b, 2011c; Genter et al., 2013; Melchert et al., 2010; Schindler, 2009). Injections without surface
pump are indicated in grey. HY : hydraulic yield ; Ap : pressure difference between undisturbed reservoir pressure at 4700 m and pressure

of the water column.

Well / Year  Period Producers / Injectors ~ Maximum flow rate (L s')  Maximum well-head pressure (MPa)  Total single-circulation volume (m®)  Duration of test (d) Mean Ap (MPa) Mean HY
(m® MPa™ s1)
2008
GPK2 08JUL08-08AUG17 Prod. 31 1.8 62000 40
GPK3 Inj. 31 7.3
GPK2 08NOV24-08DEC17  Prod. 17 1.8 63000 40
GPK3 08NOV17-08DEC17  Inj. 27 8.6
GPK4 08NOV17-08DEC20  Prod. 12 1.8 < 5.0E-3
2009
GPK1 09MARO01-090CT16  Inj. 9 1 285000 230
GPK2 09MARO01-090CT16  Prod. 22
GPK3 09MARO01-090CT16  Inj. 20 6.8
GPK4 09MAY19-090CT16  Prod. 12 150
2009-2010
GPK1 09NOV29-100CT14  Inj. 2 0.6 500000 323
GPK2 09NOV17-100CT14  Prod. 18 1.8
GPK3 09NOV25-100CT14  Inj. 15 5
2011
GPK1 11JANO5-11APR0O6 Inj. 11 0.5 165000 90
GPK2 11JANO3-11APR0O6 Prod. 22 1.9 16.5 1.3E-02
GPK3 11JANO5-11APR06 Inj. 9 1.8 259 3.6E-03
GPK1 11AUG08-110CT21  Inj. 12 0.4 135000 70
GPK2 11AUG08-110CT21  Prod. 23 2 121 2.0E-02
GPK3 11AUG08-110CT14  Inj. 9 1.6 25.5 3.7E-03
2012
GPK1 12MAR27-12APR27  Inj. 12 0.1 30000 31
GPK2 12MAR27-12APR27  Prod. 21 2
GPK3 12MAR27-12APR27  Inj. 7 1.5
GPK4 12MAR27-12APR27  Inj. 12 0.8
2013
GPK1 13JAN15-13MAR28  Inj. 12 0.6 200000 180
GPK2 13JAN15-13JUL15 Prod. 15 2
GPK3 13JAN15-13JUL15 Inj. 5 0.38
GPK4 13JAN15-13JUL15 Inj. 7 0.46
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