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Abstract

This study addresses the thermal-hydraulic-mechanical and chemical (THMC)

behaviour of a research well doublet consisting of the injection well E GrSk

3/90 and the production well Gt GrSk 4/05 A(2) in the deep geothermal

reservoir of Groß Schönebeck (north of Berlin, Germany). The reservoir is

located between 3815 and 4247 m below sea level in the Lower Permian of

the North German Basin (NGB).

Both wells were hydraulically stimulated to enhance productivity. For the

production well three stimulation treatments were performed in 2007: these

three treatments result in a productivity increase from 2.4 m3/(hMPa) to

14.7 m3/(hMPa). The injection well was stimulated four times in 2002/2003,

resulting in a corresponding productivity increase from 0.97 m3/(hMPa) to

7.5 m3/(hMPa).

The necessary infrastructure for production and subsequent injection

of geothermal fluid was established in June 2011. Between June 8, 2011
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and November 8, 2013, 139 individual hydraulic tests were performed with

produced/injected volumes ranging from 4.4 to 2567 m3. The productiv-

ity index decreased non-linearly from 8.9 m3/(hMPa) on June 8, 2011 to

0.6 m3/(hMPa) on November 8, 2013. Five possible reasons for the productiv-

ity decrease are discussed: wellbore fill, wellbore skin, the sustainability of in-

duced fractures, two phase flow and compartmentalisation. For all hydraulic

tests, the injectivity index remains almost constant at 4.0 m3/(hMPa). Dur-

ing 17 of 139 hydraulic tests a sudden increase of the productivity was ob-

served. Possible reasons for this effect are discussed: accumulation of free

gas and/or fines and scales within the fracture as well as changing hydraulic

properties due to changing mechanical load on the fracture.

Keywords: geothermal energy, hydraulic fracturing, hydraulic test, Groß

Schönebeck

1. Introduction1

Geothermal energy can play an important role within the future energy2

supply (Sims et al., 2007), but the capability to access these resources de-3

pends on specific reservoir conditions. In high-enthalpy systems, direct use or4

conversion of extracted heat to electricity can be obtained at economically5

feasible costs. These resources are limited in most countries. Nonetheless6

there still exists enough heat in place in other environments to cover the7

heat demand for centuries. However, the initial productivity of the latter8

systems is often too low for an economically viable utilization without well9

stimulation. The efficient use of such systems is subject of current research10

and is covered under the technical term Enhanced or Engineered Geothermal11
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Systems (EGS) (e.g. Tester et al., 2006).12

As a test site (Figure 1) for the provision of geothermal energy from a13

deep sedimentary basin in Germany, the research site at Groß Schönebeck14

located in the North German Basin has been developed. The site consists15

of a geothermal well doublet to access the sedimentary and volcanic layers16

of the Lower Permian (Rotliegend). The reservoir rocks are classified into17

two units: siliciclastic rocks (Upper Rotliegend) ranging from conglomerates18

(Havel subgroup) to fine-grained sandstones, siltstones and mudstones (Elbe19

subgroup), and volcanic rocks (Lower Rotliegend).20

water frac

lower gel/proppant frac

upper gel/proppant frac multi frac

Hannover formation

Elbe alternating sequence

Elbe base sandstone II
Elbe base sandstone I
Havel formation

Volcanic rocks

production well Gt GrSk 4/05 A(2)
injection well E GrSk 3/90

Figure 1: Schematic of the Groß Schönebeck site including major geological units, fault

zones, induced hydraulic fractures as well as production well Gt GrSk 4/05 A(2) and

injection well E GrSk 3/90.

The target reservoir rocks are located at a depth of 3830 to 4250 m21

with a temperature of 150◦C (Zimmermann et al., 2011). The formation22

fluid contains high amounts of dissolved solids with mostly calcium, sodium23

and cloride as the major ions. Total amount of dissolved solids is 265 g/L24

(Wolfgramm et al., 2003).25
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An abandoned gas exploration well E GrSk 3/90 serves as injection well.26

The original gas exploration well with a depth of 4240 m was reopened and27

hydraulically tested in 2001. The test indicated a productivity index (PI) of28

0.97 m3/(hMPa). Afterwards, the well was deepened to 4309 m and stimu-29

lated in 2002 and 2003 (Legarth et al., 2003, 2005). The hydraulic treatment30

created a NE-SW trending sub-vertical fracture in the direction of the maxi-31

mum horizontal stress (N18◦E +/- 3.7◦) (Holl et al., 2005; Moeck et al., 2009)32

with a fracture half length of 160 m and a fracture height of 96 m according33

to the fracture simulation. A flow back test after the stimulation treatment34

in 2003 indicated an improvement of the PI to 7.5 m3/(hMPa), being highly35

sensitive to formation pressure (Zimmermann et al., 2009). A chronological36

sequence of all hydraulic treatments performed in the injection well E GrSk37

3/90 and the corresponding change of productivity can be found in Table 138

and Table 2, respectively.39

The second well Gt GrSk 4/05 A(2) was drilled as a geothermal produc-40

tion well in 2006. It reached a final depth of 4404.4 m with a deviation of up41

to 48◦ at bottom, where it is 475 m apart from the injection well. The initial42

PI of the volcanic and sandstone layers was 2.4 m3/(hMPa) (Zimmermann43

et al., 2010). In 2007 three stimulation treatments were carried out in differ-44

ent depth intervals (Zimmermann and Reinicke, 2010; Zimmermann et al.,45

2010). As a consequence, the initial PI was improved by a factor of 4.2546

to 10.1 m3/(hMPa). A chronological sequence of all hydraulic treatments47

performed in the production well Gt GrSk 4/05 A(2) and the corresponding48

change of productivity can be found in Table 1 and Table 2, respectively.49
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In 2009 a matrix acidisation treatment was performed in well Gt GrSk50

4/05 A(2) using a coiled tubing unit to remove residual drilling mud in the51

near wellbore environment. In total 10 m3 of 7.5 % hydrochloric acid were52

placed into the perforated intervals for 30 minutes and then flushed out53

(Zimmermann et al., 2011). A casing lift test demonstrated a further increase54

of productivity by 30 to 50 % to a PI between 13 to 15 m3/(hMPa).55

In the framework of core screening by EEG (1990), core samples from the56

reservoir section in well E GrSk 3/90 were analyzed for gas permeability and57

porosity. The so determined permeability-depth characteristics were repro-58

duced by Trautwein (2005) through measurements on remaining rock mate-59

rial. Sandstones with good reservoir quality and porosities in excess of 10%60

and permeabilities ranging from 5 to 100 mD at ambient conditions originate61

from the lower layers of the Elbe-subgroup. The transitional layers from the62

Elbe to the Havel-subgroup are characterized by strongly varying sedimen-63

tation conditions, porosities (φ = 3 to 18 %), and permeabilities (k = 0.0564

to 100 mD). Apart from the upper 8 m, the sedimentary rocks of the Havel-65

subgroup have porosities and permeabilities ranging from 3 to 8 % and 0.00166

to 0.1 mD, respectively. The andesitic volcanites of the Lower Rotliegend67

show porosities and permeabilities around 5 % and less than 0.01 mD, re-68

spectively.69

Trautwein (2005), in addition, selected four samples from depths between70

4180 to 4207 m and performed water permeability measurements under in71

situ pressure conditions at ambient temperature. Derived permeabilities were72

consistently one order of magnitude lower than those measured by EEG73

(1990). During drilling of well Gt GrSk 4/05 A(2), no rock coring was74

7



performed. Subsequent investigations on rock transport properties and the75

effects of fluid-rock interactions were performed on Rotliegend analog ma-76

terial from a neighboring well at Eberswalde, Germany (Eb 2/76) (Milsch77

et al., 2009) or from the Flechtingen quarry, Germany (Schepers and Milsch,78

2013a,b). The purpose of these investigations was to constrain processes79

that reduce permeability during production and/or injection of fluids. Sev-80

eral long-term flow-through experiments were conducted under simulated in81

situ reservoir conditions and with durations of up to six months. No signif-82

icant permeability change was observed indicating that for the type of rock83

present within the sandstone section of the Groß Schönebeck reservoir, dam-84

age by fines migration, clay swelling, and dissolution-precipitation reactions85

can be excluded under laboratory conditions.86

In 2010, production well Gt GrSk 4/05 A(2) was complemented with a87

4.5” production string down to 1200 m. The production string was equipped88

with a Y-tool having an electric submersible pump (ESP) bypassing a 2 7/8”89

monitoring tubing to allow for wellbore measurements during production90

(Figure 2). A pressure and temperature gauge was installed below the pump91

to monitor changes in pressure and temperature.92

The necessary infrastructure for production and subsequent injection of93

geothermal fluid was established in June 2011. Until November 8, 2013, 13994

hydraulic tests, with durations from ranging from more than 1 h to 165 h were95

performed. The corresponding produced volume of the individual hydraulic96

tests varied from less than 4.4 to 2567 m3. During all of the discharge tests, a97

cumulative volume of 18900 m3 was produced from the reservoir. Including98

the injection of approximately 4800 m3 acidized fresh water in September99

8



MDn(GL)

18n5/8t

741.2nm

13n3/8tn

2381.50nm

5”

7”

4389nm

3878nm

TDn4400.4nm
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Figure 2: A schematic of the completion of the production well Gt GrSk 4/05 A(2) (mod-

ified from Reinsch et al., 2015c)

and October 2012, the cumulative injected volume during this period was100

about 23700 m3 (Figure 3).101

During the test period, a change in the accessible depth of the well Gt102

GrSk 4/05 A(2) was observed during successive logging campaigns (Regen-103

spurg et al., 2015a) due to the precipitation of copper, barite and laurionite104

minerals. In order to clean out the precipitates from the production well, a105

coiled tubing (CT) operation was initiated in December 2012. At first, an106

attempt was made to clean out the well using reverse circulation through107

the CT. Due to the size and rheology of the solids, however, this operation108

failed (a detailed analysis can be found in Reinsch et al., 2015c). Therefore,109

a workover rig was used to clean the well in January/February 2014 (Reinsch110

et al., 2015b).111
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Figure 3: Cumulative produced and injected volume between June 8, 2011 and November

8, 2013.

In this paper, we present the hydraulic history of the production and the112

injection well. Processes influencing the productivity and injectivity of both113

wells will be analyzed and discussed.114

2. Methods115

Analyses of the 139 hydraulic tests include: test duration t, produced116

liquid volume from the reservoir QR, produced liquid volume measured at117

the well head Q, injected liquid volume at the well head Qinj, cumulative118

produced liquid volume
∑
Q, cumulative injected liquid volume

∑
Qinj, and119

salt concentration of the injected brine C. All quantities are provided in120

Appendix I. The salt concentration C was calculated by the weighted aver-121

age of the produced liquid volume and the additional acidized fresh water122

10



volume having a salt concentration of 265 g/L and 0 g/L, respectively. An123

online measurement of the salt concentration of the injected liquid was not124

performed. Furthermore, all recorded data and derived quantities from the125

Groß Schönebeck research platform between June 8, 2011 and November126

8, 2013 are available as a scientific technical report (STR) (Reinsch et al.,127

2015a).128

The ESP was designed for a PI of approximately 6 m3/(hMPa) and the129

design discharge rate was 60 m3/h with a pressure drawdown of 10 MPa in130

the annulus of the production well. The ESP is equipped with a variable131

speed drive. Reducing the pump speed results in a lower flow rate and a132

reduced drawdown. Since the actual PI was ∼1 m3/(hMPa) the pump had133

to maintain a pressure drawdown of 10 MPa at a flow rate of 10 m3/h. This134

operating point is outside the operating range of the pump and, therefore,135

caused the pump to stop several times.136

2.1. Production Well137

For analyzing the productivity of the well, the pressure reading at the inlet138

of the electric submersible pump (ESP) at 1200 m depth was used (Figure139

2). The pressure drawdown during production corresponds to the difference140

between the initial pressure pini = 117 bar and the pressure during production141

pdis, both measured below the ESP. The measured fluid flow rate at the142

surface Q is a superposition of the flow rate generated from the reservoir143

QR and an additional contribution from the annulus QA. From the pressure144

drawdown together with the geometric information about the annulus and145

an assumption about the fluid density within the annulus, the contribution146

from the annulus can be calculated. The diameter of the production casing147
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decreases from 16” to 13 3/8” at a depth of 741.2 m. During production,148

the water level within the annulus fell below this value. The change in149

diameter could be identified in the pressure drawdown as a change in slope150

when plotted versus time. The corresponding height of the water column151

above the ESP and its hydrostatic pressure was used to calculate the actual152

density of the annular fluid. From the annular flow rate and the flow rate153

measurement at the surface, the fluid flow rate from the reservoir was derived.154

The transmissibility T of a reservoir, defined as the product of permeabil-155

ity and effective height of a reservoir T = kh, can be calculated according to156

Lee (1982) from the following formula, which describes the pressure buildup157

after shut in of the well:158

∂(∆p)

∂(ln t
t+tp

)
=
QRµ

4πkh
(1)

where QR is the flow rate from the reservoir [m3/s], µ is the dynamic159

viscosity [Pa s] of the fluid, k is the reservoir permeability [m2], h its effective160

height [m], ∆p the reservoir pressure [Pa], t is the shut-in time [s], and tp is161

the production time [s].162

For a doublet system (production well and injection well), with a dis-163

tance d between the wells, the following formula can be applied if radial flow164

behavior and homogeneous reservoir conditions can be assumed (Lee, 1982):165

PI =
QR

pini − pdis
=

2πT

µ

1

ln( d
rw

) + s
(2)

where PI is the productivity index, pdis is the pressure at the production166

well, rw is the well radius and s is the skin.167
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At the Groß Schönebeck site, hydraulic tests have been performed to test168

the feasibility of a continuous operation. At the beginning of the experi-169

ments, the operation was stopped after a few hours due to problems with the170

automatic control system on site. After adapting the control system to the171

hydraulic situation of the well doublet, 139 hydraulic tests with a duration of172

more than 1 hour could be performed and analysed. The average hydraulic173

test lasted a few hours with a maximum duration of about one week in April174

2012. The main reason for interrupting the individual tests was the unex-175

pected large pressure drawdown within the production well. None of the176

production tests reached steady state conditions. It was, therefore, decided177

to analyse the dynamic evolution of the productivity index. The dynamic178

productivity index (PIdyn) was calculated as a 30 min average according to:179

PIdyn =
Q

pini − pdis
(3)

where Q is the measured flow rate at the wellhead and pini and pdis are180

the initial and the discharge pressure at the ESP, respectively. The 30 min181

average of each individual test was the interval between 40 min and 10 min182

before test end (Figure 4). The PIdyn for each test is given in Appendix I.183

During 17 fluid hydraulic tests a sudden change of PIdyn during production184

was observed. To quantify this sudden productivity change a 10 min interval185

before and after was analysed and averaged (Figure 4).186

During two hydraulic experiments, two production logging campaigns187

were performed in September 2011 (Henninges et al., 2012). On September188

8, distributed temperature sensing (DTS) measurements were performed.189

From the observed temperature changes during a 2.5 h production period190
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Figure 4: Measured temperature and pressure at the ESP and calculated flow rate from

the reservoir with corresponding dynamic productivity index (PIdyn) of the production

test on September 8, 2011.

with an average fluid flow rate of 45.3 m3/h, the fluid contribution from the191

lower gel/proppant frac was calculated. This calculation is based on mass192

and energy balance assuming constant liquid specific heat capacity (Grant,193

2013).194

On September 9, in addition to the DTS measurements, a p/T gauge195

was operated together with a spinner log during a 4 h production test with196

an average flow rate of 40.5 m3/h. A detailed description of the logging197

campaign can be found in Henninges et al. (2012).198
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2.2. Injection Well199

For the injection well, pressure and flow rate were measured at the well-200

head during injection. In order to analyse the injectivity of the well E GrSk201

3/90, the dynamic injectivity index (IIdyn) of the last 30 min of each hy-202

draulic test was calculated in accordance to Equation 4 using the initial203

pressure pini and recharge pressure prec measured at wellhead. The IIdyn for204

each test is given in Appendix I.205

IIdyn =
Q

|pini − prec|
(4)

In order to show that the measured injectivity index depends on viscos-206

ity changes only, a numerical simulation was performed. First, the wellbore207

simulator by Francke (2014) was applied to calculate the trend of fluid tem-208

perature and pressure in the injection well at reservoir depth. The injection209

flow rate and temperature, which were continuously measured at the well-210

head, were used as input parameter for the simulation. The wellbore simula-211

tor combines a compositional brine model with quasistatic thermo-hydraulic212

flow and radially symmetric transient conductive heat flow into the forma-213

tion. In a second step, the calculated temperature of the injected fluid served214

as input to a 3D numerical thermo-hydraulic model of the reservoir similar215

to Blöcher et al. (2010), which calculates the distribution of pressure and216

temperature considering the temperature dependence of viscosity. Finally,217

the injectivity index IIcalcdyn could be calculated according to Equation 4 from218

the simulated injected flowrate and the calculated pressure build-up. The219

IIcalcdyn for each test is given in Appendix I.220
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3. Results221

3.1. Production well222

During production a non-linear reduction of the productivity from 8.9 m3/(hMPa)223

on June 8, 2011 to 0.6 m3/(hMPa) on November 8, 2013 was observed (Fig-224

ure 5). No steady state conditions were achieved during individual tests.225

This means that the pressure was still decreasing at the end of each test226

resulting in a decreasing PIdyn. This effect is best shown by the results of227

the hydraulic experiments in April 2012. In less than 2 weeks more than228

3000 m3 of geothermal fluid were produced during three hydraulic tests with229

two short tests preceding a test with a duration of one week. The PIdyn230

computed from these three tests is significantly lower than the general trend.231

In addition to a decline in productivity, mineral precipitation was observed232

in the production well (Regenspurg et al., 2015a).233

3.2. Sudden change in PIdyn234

Within the first six month of testing, a sudden increase of the PIdyn was235

observed during 17 hydraulic tests (Figure 6). Production logging results236

from a fibre optic distributed temperature sensing survey in September 2011237

(Henninges et al. (2012); Figure 7) indicate a change in fluid contribution238

from the lower gel/proppant frac (Figure 1). The middle panel in Figure 7239

indicates that there was a contribution from the lowermost interval of the240

reservoir (>4355 m) at the beginning of the test, only. The contribution is241

indicated by colder temperatures propagating up the well with time. The242

relatively colder temperatures are due to the massive hydraulic stimulation243

within this interval. After about 2.5 h of logging, there is a sudden change244

16



0 4000 8000 12000 16000 20000
cumulative produced volume [m³]

0

2

4

6

8

10

dy
na

m
ic

 p
ro

du
ct

iv
ity

 in
de

x 
[m

³/(
hM

Pa
)]

productivity index
fit

10000
1000
100
10

produced fluid volume [m³]

Figure 5: Dynamic productivity index (PIdyn) of 139 hydraulic tests measured between

June 8, 2011 and November 8, 2013.

in temperature at a depth of about 4200 m. The observed temperature245

increase can be explained by a changing inflow from the lower gel/proppant246

frac. The contribution of the lower gel/proppant frac was almost zero at the247

beginning of the test and changed to about 70 % at the end. Simultaneously,248

an increased PIdyn was observed. Such a sudden increase of the PIdyn was249

observed mostly for tests with a longer shut-in period before production as250

indicated at about 118, 144, 172 and 174 h of ESP operation (Figure 8). For251

such tests, the PIdyn started at a very low level before increasing abruptly.252

Furthermore, it was observed that the PIdyn for tests with a shorter shut-in253
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period before production had a similar value to the value observed at the254

end of the previous test. For each individual test, a slight decrease of the255

PIdyn was observed. Hydraulic data from successive tests show a slowly256

decreasing PIdyn. A clear correlation between the amount of gas extracted257

at the degasser and the sudden increase of production was not observed. For258

some tests, however, there are indications of such a correlation. A sudden259

increase in production was observed at about 120 h of operation as shown in260

Figure 8. After an additional produced volume of 87 m3 an increase in gas261

flow rate (composition of N2 (85 - 90%) and CH4 (10 - 15%) as published by262

Regenspurg et al. (2010)) at the degasser was observed. Furthermore, the263

amount of gas separated for the tests at 172 and 175 h showed slightly higher264

values compared to the tests prior to and after these tests. After the first six265

months this sudden increase in PIdyn was no longer observed.266

3.3. Injection well267

In September/October 2012, 4700 m3 of geothermal fluid was produced.268

After mixing this fluid with additional acidized fresh water it was injected into269

the injection well. Including the volume of acidized fresh water (4800 m3),270

9500 m3 were injected. This additional acidized fresh water volume was271

injected in order to increase the reservoir pressure and to improve the perfor-272

mance of the production well. This effect was not observed by the measured273

PIdyn as well as the subsequent shut-in pressures.274

The measured IIdyn shows a slight decrease with cumulative injected275

volume. Figure 9 shows the evolution of the IIdyn as well as a calculated276

value based on a numerical approach (Section 2.2). The more volume was277

injected, the lower was the temperature in the near wellbore area result-278
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Figure 6: Dynamic productivity index (PIdyn) of tests with a duration of more than 90

min and a produced volume of more than 100 m3 each. Data of the last 30 min of each

test were analyzed. Also shown is the PIdyn (10 min mean) before and after opening of

the lower gel/proppant frac.

ing in an increased fluid viscosity. The temperature decrease was simulated279

and validated by field measurements performed after the testing period by280

temperature logging. The increased fluid viscosity led to a decrease of the281

reservoir injectivity. For the injection well, no wellbore scaling was observed.282

The first 54 hydraulic tests showed a range between 2.8 and 5.7 m3/(hMPa)283

for the IIdyn. During this time no stable testing conditions were achieved.284

Therefore, the change of the IIdyn is due to variable testing condition. After-285

wards, the injectivity increases to a level between 4.1 and 4.9 m3/(hMPa).286

Due to the injection of more than 3000 m3 geothermal fluid in April 2012,287

the reservoir temperature was lowered, resulting in an increase in viscosity288
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Figure 7: Gamma ray log and DTS temperature data of the production test on September

8, 2011.

and a decrease of injectivity.289

4. Discussion290

During the 139 hydraulic experiments between June 8, 2011 and Novem-291

ber 8, 2013, three major observations were made: a) the decline of the pro-292

ductivity, and b) the sudden change of the PIdyn during individual tests in293

the production well, as well as c) a constant injectivity in the injection well.294
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Figure 8: Dynamic productivity index (PIdyn) for successive hydraulic tests together

with associated shut-in times between individual tests. On the x-axis, the approximate

operational time for the ESP is displayed. The panel on top shows the calculated gas flow

rate from the degasser.

4.1. Production well295

The decline of the productivity cannot be explained by a single process.296

Minerals clogging the well, wellbore skin due to copper precipitation, change297

in the hydraulic properties of the stimulated fractures, two-phase flow and298

hydraulic barriers in the reservoir are possible candidates for the overall pro-299

ductivity decline and are discussed in the following.300

The abrupt variations in the PIdyn are most likely linked to a changing301
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Figure 9: Dynamic injectivity index (IIdyn) of 139 hydraulic tests measured between June

8, 2011 and November 8, 2013.

influx from the lower gel/proppant frac. These sudden changes were observed302

during 17 hydraulic tests and were investigated by temperature profiling in303

September 2011. The sudden change of the PIdyn occurred mostly after304

longer shut-in periods. The processes which lead to this behaviour are dis-305

cussed in the following.306

4.1.1. Productivity decline307

Wellbore fill. Measurements of the total wireline accessible depth performed308

during several logging campaigns between 2010 and 2012 showed a decrease309

in accessible depth over time from 4360 to 4116 m. The collection of bailer310

samples revealed that the changing depth was caused by minerals clogging311

the well. Two wellbore clean out operations removed large amounts of the fill312
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to a final depth of 4345 m in January/February 2014. The material collected313

from filters, bailer, and clean out operations was analyzed and quantified314

(Regenspurg et al., 2015a). It was found that it consists solely of minerals315

and amorphous phases that formed by direct precipitation indicating that316

no solid material from the reservoir had entered the wellbore. The identified317

minerals were native copper (Cu; 18 %), barite (Sr,BaSO4; 28 %); laurionite318

(PbOHCl) and amorphous lead phases (9 %), calcite (CaCO3; 6 %), mag-319

netite (Fe3O4, 20 %) and unidentified amorphous phases (15 %) consisting320

of a mixture of Si, Al, Fe and Ca as well as about 5 % organic carbon.321

The formation of the minerals happened either due to cooling of the322

brine during shut-in (barite), slight shifts of the pH (laurionite), or due to323

electrochemical reactions of Cu-bearing formation fluid with the steel casing324

resulting in precipitation of native copper and magnetite. Altogether about325

600 L of solid material are estimated to have been removed from the well (by326

coiled tubing, clean out and filtering during plant operation).327

It seems likely, that the fill is responsible for the decreased production328

rate. However, laboratory test of the fill material revealed high permeability329

values between 0.57 and 2.7 D (Meißner, 2014). This was confirmed by a lift330

test, performed after the well clean out down to 4345 m that showed only331

little increase in the production rate thus demonstrating that the fill in the332

uppermost part of the reservoir interval was not hydraulically tight. However,333

since the composition of the material was not homogeneous along the well334

and the material density increased with increasing depth, it cannot be ruled335

out completely that the clogging material below 4345 m (within the fractured336

area of the volcanic rocks) has lower hydraulic conductivity. Nevertheless,337
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other processes seem more likely to be responsible for the productivity decline338

in the sandstone layers.339

Wellbore skin. The occurrence of high amounts of dissolved copper in the340

geothermal brine is typical for Rotliegend formations (Blundell et al., 2003;341

Cathles et al., 1993; Hitzman et al., 2010). In these highly saline waters,342

chloride prevents Cu saturation by formation of aqueous Cu(II) or Cu(I)343

chloride complexes. However, the introduction of carbon steel with a more344

negative electric potential (Fe0 → Fe2+ + 2e−; E0 = -0.44 V) than Cu (Cu2+
345

+ 2e− → Cu0; E0 = 0.34 V) results in reduction of Cu(II) to Cu(0) that346

precipitates (Figure 10). This reaction most likely happens on both, inside347

and outside of the casing. While the precipitates of Cu within the well can348

be removed, sampled and quantified, it only can be assumed that the same349

process happens on the outside of the casing as well. This kind of precipi-350

tation would increasingly clog the pores of the nearby reservoir resulting in351

a positive wellbore skin. In a laboratory study, this process was simulated352

showing complete reduction of the pore space around and at some distance353

from a steel pipe (Regenspurg et al., 2015b). In contrast, the negative skin354

values obtained during the hydraulic tests (Appendix II, Table 4) indicate a355

high conductivity connection between the wellbore and the reservoir through356

the induced fractures.357

Sustainability of induced fractures. Hydraulically induced fractures provide358

enhanced permeability in enhanced geothermal systems. However, the lifes-359

pan of hydraulically induced fractures is limited in time by chemical and360

mechanical effects. These effects strongly depend on changes in pressure and361
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(a) (b)

Figure 10: Electron microprobe picture of sandstone samples (with integrated carbon steel

tube; not shown) before (a) and after (b) flow through with a copper (1 mM) chloride

solution at anoxic conditions. Pores spaces are shown in black, quartz grains in grey, and

pore space filling with copper and iron oxides in white.

temperature, stability of proppants, fluid-rock interactions, fracture morphol-362

ogy and the stress state.363

During stimulation treatments in well Gt GrSk 4/05 A(2) induced quartz364

sand (volcanic section) and high strength proppants (sandstone section) were365

used to keep the fractures open during production (Table 1) as well as to366

achieve a longer life time of the system (Zimmermann and Reinicke, 2010;367

Zimmermann et al., 2010). The stability of the high strength proppants was368

tested under simulated in situ pressure and temperature conditions in the369

laboratory (Zimmermann and Reinicke, 2010; Deon et al., 2013). The per-370

meability of the rock-proppant system stabilised after some time and there371

was no expectation of a long-term effect related to the mechanical interac-372

tions between the proppants and the fracture faces under constant drawdown373
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conditions. Under in situ temperature conditions some changes in the prop-374

pant stability could be observed (Deon et al., 2013). However, in contrast to375

the latter observation, proppants recovered after being in the well for several376

years did not show any damage (Zimmermann et al., 2014).377

In addition to the stability of the proppants, mineral alteration by dis-378

solution and precipitation as well as mechanical effects (e.g. grain crush-379

ing, brecciation, compaction and mineral replacement) can induce formation380

damage (Reinicke et al., 2012; Kneafsey et al., 2015). Therefore, the sustain-381

ability of the induced hydraulic fractures at Groß Schönebeck is questionable.382

The stress state in the enhanced geothermal system was altered during the383

139 hydraulic tests. During several hydraulic tests, the reservoir pressure384

was greatly reduced to provide maximum test duration. For some individual385

tests this drawdown reached values of approximately 10 MPa. Due the reduc-386

tion of reservoir pressure the effective stresses on the hydraulic fractures are387

increased by the same amount. How these alternating stress changes effect388

the sustainability of the induced fractures is still unknown but the changes389

of the PIdyn and of the overall productivity indicate a negative influence.390

Two-phase flow. Downhole fluid sampling data indicate a free gas phase dur-391

ing production. Existence of two fluid phases (e.g. brine and gas) in a porous392

medium is known to significantly affect its hydraulic properties (e.g. Abaci393

et al., 1992, and references therein). Two-phase flow through porous rocks394

reduces the effective permeabilities of the individual fluid phases, because a395

part of the pore volume is occupied by one fluid phase and thus the effective396

pore volume available for the flow of the other fluid is reduced.397

To assess the effect of partial gas saturation on the productivity of the398
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Groß Schönebeck reservoir, effective permeabilities, keff , were measured on399

a sandstone sample having a permeability ksat = 116 mD. This sample were400

taken from the lower part of the Elbe-subgroup (well E GrSk 3/90). The401

core sample was saturated with synthetic brine (2 M NaCl + 0.5 M CaCl2)402

and was subsequently flooded parallel to the sample axis. After applying a403

constant differential pressure, ∆p, the fluid flow rate, Q, was determined.404

The permeability was calculated from the Darcy equation:405

k =
Q · l · µ

∆p
· 1

πr2
, (5)

where r and l are radius and length of the sample, and µ is the dynamic406

viscosity of the pore fluid. The flooding was performed at different levels407

of partial sample saturation. To obtain decreasing brine saturation, N2 was408

successively injected into the sample. The corresponding sample saturation,409

SW , was derived from the pore volume of the sample and the brine volume410

produced from the sample. After each drainage step, the sample was per-411

colated with brine again to obtain the flow rate at partial saturation. The412

relative permeability, krel, at a certain saturation level is given by the effec-413

tive permeability, keff , normalized by the permeability ksat of the completely414

brine saturated sample:415

krel =
keff
ksat

. (6)

Results are shown in Figure 11. A strong dependence between krel and416

SW was observed for the investigated sample. krel decreases exponentially417

with increasing partial saturation. The data show that 3 % of free gas phase418

in the rock causes a reduction in relative permeability of about 25 %. At a419
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gas saturation of 20 %, krel is reduced to about 20 % of its initial value and420

decreases with further increasing gas saturation (SW = 45 %) to krel = 12 %.421

0 0.2 0.4 0.6 0.8 1
Sw [-]

0

0.2

0.4

0.6

0.8

1

k r
el

 [-
]

krel=keff/ksat

Figure 11: Relative permeability krel of a sandstone sample from the Groß Schönebeck

reservoir as function of brine saturation. Scatter values and large error bars reflect the

influence of re-saturation during the flooding of the partially saturated sample. The data

is fitted by an exponential function. Dashed lines show the 95 % confidence interval.

The extent to which a cyclic operation of the production well with cor-422

responding fluid pressure changes will trigger the development of a free gas423

phase in the Groß Schönebeck reservoir, is not fully understood yet. How-424

ever, a number of fluid samples suggest that the saturation of the formation425

fluid with CH4 and N2 is at least close to their solubility limits. This means426

that, when lowering the reservoir pressure during production, the solubility427

limit is exceeded, and could lead to degassing of the formation fluid and428
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the expansion of a free gas phase. This might cause a decrease in the effec-429

tive permeability of the formation and thus a decrease in productivity of the430

hydraulic system.431

Hydraulic Barriers - Compartmentalisation. Several hydraulic test were per-432

formed in September/October 2011 with production periods of approximately433

one day. Curve matching of the final pressure build up according to standard434

well testing analysis (Horne, 1995) showed a radial symmetric flow regime435

and a no-flow boundary (hydraulic barrier) on one side of the reservoir at a436

distance of approximately 330 m. A continuous hydraulic test in April 2012437

with a test duration of 7 days showed similar results. Again, the pressure438

build up was investigated and pressure matching yielded a radial symmetric439

flow regime with a no-flow boundary (hydraulic barrier) at a distance of ap-440

proximately 122 m. Furthermore, the productivity of the well declined from441

2.4 m3/(hMPa) in September/October 2011 to 1.5 m3/(hMPa) in April 2012442

based on transmissibility and skin calculation and assuming pseudo-radial443

flow according to Lee (1982). Pressure matching of several hydraulic tests in444

September/October 2012 again showed a radial symmetric response with a445

no-flow boundary at a distance of 670 m. The corresponding transmissibility,446

skin and productivity index were 8.2 · 10−14 m3, -5.6 and 1.9 m3 /(hMPa).447

respectively. A detailed description of the well test analysis can be found448

in Appendix II. The existence of a similar no-flow boundary at the injection449

well could not be shown by additional well test analysis.450

Since the pressure data, especially the derivative plot, gave no indication451

for a bilinear or linear flow (Cinco-Ley and Samaniego-V., 1981), the pro-452

duction data were analyzed by type curve matching assuming pseudo-radial453
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flow. Due to short production time the produced volume from the reservoir454

QR (about 100 m3, see Table 3) is smaller than the estimated total fracture455

volume of 540 m3. Therefore, the pressure responses reflect the hydraulic456

behavior of the fracture system and the near wellbore region. The changing457

distance of the no-flow boundary can, therefore, be interpreted as a change458

of the hydraulically assessable area due to changing reservoir conditions with459

time.460

4.1.2. Sudden change in PIdyn461

The sudden change of the productivity can be related to a changing con-462

tribution from the lower gel/proppant frac. The reasons for the changing463

contribution are largely unknown. Possible reasons are:464

1. Accumulation of gas in the fracture leading to a reduction of the per-465

meability for liquid brine. A changing contribution might be accounted466

for by a sudden reduction of the accumulated amount of gas. An in-467

dication for this process might be a higher amount of gas produced in468

tests where a changing contribution was observed.469

2. Accumulation of fines/scales in the fracture during longer shut-in peri-470

ods. A changing contribution might be accounted for by a production471

of these fines into the well due to the increasing differential pressure.472

Such fines would either be produced to the surface or they would ac-473

cumulate in the lower part of the well.474

3. Changing hydraulic properties due to changes in mechanical load on475

the fracture surfaces during longer shut-in periods.476
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Accumulation of gas in the fracture. The changing contribution from the477

lower gel/proppant frac does not show a significant correlation with the cal-478

culated gas flow rate from the degasser. The produced volume for each test,479

where a changing contribution was observed, is smaller than the wellbore480

storage volume (215 m3 for total water column). Thus, it is possible that481

the fluid entering the well during individual tests did not reach the surface482

during the same test. For the test at about 120 h of operating time, about483

87 m3 of fluid were produced from the reservoir between the change in the484

PIdyn and the change in gas flow rate at the degasser. A clear answer on the485

amount of gas being released during different tests cannot be given. There-486

fore, the question whether an accumulation of gas in the gel/proppant frac487

might reduce the permeability for liquid geothermal brine cannot be fully488

answered.489

Accumulation of fines/scales in the fracture. An increasing amount of fines in490

the produced geothermal brine was observed in the first tests after a longer491

shut-in period. These precipitates, however, were mostly observed at the492

very beginning of tests, indicating a precipitation due to the cooling of the493

liquid brine within the wellbore. A changing accessible depth of the well494

was observed, too. The changing depth, however, was mostly observed after495

the first 6 months of production, where a change in PIdyn was not observed496

anymore. Thus, a direct correlation between the change in PIdyn and the497

accumulation of fines in individual tests cannot be inferred.498

Change in mechanical load. During individual hydraulic tests the fluid pres-499

sure was decreased by up to 10 MPa within the reservoir resulting in an in-500

crease of effective pressure. This increase of effective pressure should yield a501
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decrease in fracture aperture and, therefore, permeability. This effect could502

not be validated by the observations. Therefore, a sudden change in the503

fracture conductivity as a response to an effective pressure variation is ques-504

tionable.505

4.2. Injection well506

Due to the injection of 4800 m3 acidized fresh water in September/October507

2012, the temperature in the injection zone of the reservoir and the salin-508

ity of the injected fluid were reduced. A reduction of temperature increases509

the fluid viscosity whereas the reduced salt concentration decreases the fluid510

viscosity. Based on available temperature and salt concentration data, the511

salinity effects is assumed to be dominant. The measured data confirm that512

the injection of acidized fresh water increases the IIdyn. In December 2012513

the injection of acidized fresh water was stopped and the IIdyn decreased due514

to an increase of salt concentration and viscosity, accordingly.515

Between December 2012 and June 2013 no further hydraulic experiments516

were performed. In June 2013 the measured IIdyn show a relative increase.517

This indicates an increase of the reservoir temperature and a reduction of518

viscosity during the shut-in period.519

The general behaviour of the described effects was interpreted as a change520

in fluid viscosity due to temperature, salt concentration and pressure changes.521

The performed 3D numerical simulation (Section 2.2), considering density522

and viscosity changes, explains and validates these results.523
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4.3. Reservoir Pressure524

The performance of a reservoir in terms of productivity or injectivity in-525

dex should be quantified according to the flow rate and pressure changes in526

the reservoir. However, in most cases pressure and flow rate are measured at527

the surface (wellhead) and are therefore influenced by the transient charac-528

teristics of the water column in the well. Therefore, if transient effects like529

temperature changes of the injected/produced fluids in the column cannot be530

neglected, wellhead pressures must be corrected to compute reservoir pres-531

sures. The same is valid for the flow rate since the reservoir flow is retarded532

at the beginning of a hydraulic test. Temperature variations cause changes in533

the density of the fluid column and hence lead to transient buoyancy effects.534

Furthermore, viscosity of the fluid is temperature dependent and influences535

injectivity index of the injection well. Since the inlet temperature of the pro-536

duction well is almost constant, the viscosity effect must be considered for537

the production wellbore, only. In case absolute values are needed a correction538

is mandatory. If relative changes in pressure are sufficient for a correct inter-539

pretation of reservoir performance, a correction is not necessarily needed but540

potential inconsistencies especially at the beginning of hydraulic tests have541

to be addressed.542

5. Conclusions543

During production a non-linear reduction of the productivity index from544

8.9 m3/(hMPa) on June 8, 2011 to 0.6 m3/(hMPa) on November 8, 2013545

was observed. Within the first six month of testing, a sudden increase of the546

PIdyn was observed during 17 hydraulic tests.547
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The transient behaviour of the productivity index is non-linear and indi-548

cates an irreversible change of the reservoir characteristics. The reduction of549

the productivity index might be explained by an accumulation of scale within550

the wellbore, non-sustainable hydraulically induced fractures and a decrease551

of reservoir permeability due to scaling or two-phase flow. Furthermore, a552

compartmentalisation might cause the productivity decrease. The variation553

of the injectivity index can be explained by a change of fluid viscosity and554

fluid density within the reservoir due to injection of colder water with vari-555

able salt concentration. These transient effects change the frictional pressure556

loss inside the reservoir and lead to a changing injectivity.557

The sudden increase of productivity is due to activation of the lower558

gel/proppant frac. The contribution from the latter fracture increases after559

sufficiently long shut-in periods before production. The abrupt inflow from560

the lower gel/proppant frac might be explained by two-phase flow and corre-561

sponding relative permeabilities as well as by the accumulation of fines/scales562

in the fracture or by an effective pressure dependence (mechanical effect) of563

the induced fracture conductivity. The exact reason, however, remains un-564

known.565

The decline of the overall productivity cannot be explained by a sin-566

gle process. However, for each single process technical approaches exist567

which can improve the performance of the deep geothermal reservoir of Groß568

Schönebeck. Minerals clogging in the well can be reduced by a proper com-569

pletion material which reduces the electro-chemical reactions of the fluid with570

the casing. The long term precipitation and sedimentation of minerals can571

be avoided by a constant production temperature and high flow rates. Well-572
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bore skin due to copper precipitation can be avoided by the use of materials573

which reduce electro-chemical reactions between fluid, rock and well casing.574

Degassing of the produced fluid can be reduced by a lower pressure draw-575

down during production. Furthermore, the reduced pressure drawdown will576

prolong the mechanical sustainability of the induced fractures.577
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Appendix I: Data used for the analysis of the 139 hydraulic tests824
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Appendix II: Detailed analysis of hydraulic tests825

The recovery phase of three different hydraulic tests were analysed, which826

are characterised by an extended time of production and a subsequent shut-in827

phase.828

September/October 2011 test829

The hydraulic test in September/October 2011 was performed in several830

cycles of production of approximately one day each. Figure 12 shows the831

progression of the whole test and the final shut-in period used for well test832

analysis.833

Standard curve matching analysis (e.g. Horne, 1995) showed a radial sym-834

metric flow regime and a no-flow boundary on one side of the reservoir at a835

distance of 330 m (Figure 13).836

Curve matching yielded a transmissibility of 1.24 · 10−13 m3. The corre-837

sponding skin is -5.2 and implies a good connection of the induced fractures838

to the well. From these values the productivity index is calculated as 2.4 m3
839

/(hMPa). For a doublet with an effective distance between the two wells of840

300 m the corresponding productivity index is 2.1 m3 /(hMPa).841

April 2012 test842

The hydraulic test in April 2012 was the first test with continuous flow843

for 7 days. After production the well was shut-in to record the pressure build844

up (Figures 14 and 15).845

Pressure matching yielded a radial symmetric flow regime and a no-flow846

boundary at a distance of 122 m. Transmissibility was calculated as 1.14 ·847

10−13 m3 and skin amounts to -3.7 again indicating a good connection of the848
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Figure 12: Progression of the hydraulic tests from September/October 2011.

fractures to the well. From these values the productivity index was calculated849

as 1.5 m3 /(hMPa). For a doublet with an effective distance of the two wells850

of 300 m the corresponding productivity index is 1.4 m3 /(hMPa).851

September/October 2012 test including additional injection852

During the hydraulic tests in September/October 2012 in addition to the853

produced formation fluid acidized fresh water was injected. In total 4800 m3
854

of additional acidized fresh water were injected. Pressure matching again855

yielded a radial symmetric response with a no-flow boundary at a distance of856

670 m. The corresponding transmissibility and the skin were 8.2 · 10−14 m3
857

and -5.6, respectively. From these values the resulting productivity index,858

1.9 m3 /(hMPa) is similar to the results of the test in April 2012 and for the859

doublet solution 1.6 m3 /(hMPa) (Figures 16 and 17).860

A summary of all test results can be found in Table 4.861
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Figure 13: Curve matching of pressure build up during the final shut-in period and its

derivative function of the hydraulic test from September /October 2011.

Figure 14: Progression of the hydraulic tests from April 2012. Displayed are the flow rate

and the pressure at the electrical submersible pump installed at 1200 m depth.
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Figure 15: Curve matching of pressure build up and its derivative function as a function

of the superposition time for the hydraulic test in April 2012.

Figure 16: Progression of the hydraulic test in September/October 2012 with additional

injection of fresh water.
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Figure 17: Curve matching of pressure build up and corresponding derivative function for

the hydraulic test in September/October 2012.

Table 4: Results of hydraulic test analyses.

Sept./Oct. April Sept./Oct.

2011 2012 2012

Transmissibility [m3] 1.24 · 10−13 m3 1.14 · 10−13 m3 8.2 · 10−14 m3

Skin [-] -5.2 -3.7 -5.6

Distance to no-flow boundary [m] 330 122 670

Productivity Index (Standard) [m3/hMPa] 2.4 1.5 1.9

Productivity Index (Doublet) [m3/hMPa] 2.1 1.4 1.6
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