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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 Grof§ Schonebeck (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 m?®/(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 m?/(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 m*/(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 m®/(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, Grof3
Schonebeck

1. Introduction

Geothermal energy can play an important role within the future energy
supply (Sims et al., 2007), but the capability to access these resources de-
pends on specific reservoir conditions. In high-enthalpy systems, direct use or
conversion of extracted heat to electricity can be obtained at economically
feasible costs. These resources are limited in most countries. Nonetheless
there still exists enough heat in place in other environments to cover the
heat demand for centuries. However, the initial productivity of the latter
systems is often too low for an economically viable utilization without well
stimulation. The efficient use of such systems is subject of current research

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

As a test site (Figure 1) for the provision of geothermal energy from a
deep sedimentary basin in Germany, the research site at Grofl Schonebeck
located in the North German Basin has been developed. The site consists
of a geothermal well doublet to access the sedimentary and volcanic layers
of the Lower Permian (Rotliegend). The reservoir rocks are classified into
two units: siliciclastic rocks (Upper Rotliegend) ranging from conglomerates
(Havel subgroup) to fine-grained sandstones, siltstones and mudstones (Elbe

subgroup), and volcanic rocks (Lower Rotliegend).

production well Gt GrSk 4/05 A(2)

Hannover formation

op > -
lo Pane
Wel: gel/propp frae
&)

Elbealternating sequence gl frac

Elbelbaselsandstone TT Wate

E
Elbe base sandstone I frac
Ha\velsfionnafsiomn

Volcanic rocks

Figure 1: Schematic of the Grof Schonebeck 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 m
with a temperature of 150°C (Zimmermann et al., 2011). The formation
fluid contains high amounts of dissolved solids with mostly calcium, sodium
and cloride as the major ions. Total amount of dissolved solids is 265 g/L

(Wolfgramm et al., 2003).
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An abandoned gas exploration well E GrSk 3/90 serves as injection well.
The original gas exploration well with a depth of 4240 m was reopened and
hydraulically tested in 2001. The test indicated a productivity index (PI) of
0.97 m*/(hMPa). Afterwards, the well was deepened to 4309 m and stimu-
lated in 2002 and 2003 (Legarth et al., 2003, 2005). The hydraulic treatment
created a NE-SW trending sub-vertical fracture in the direction of the maxi-
mum horizontal stress (N18°E +/- 3.7°) (Holl et al., 2005; Moeck et al., 2009)
with a fracture half length of 160 m and a fracture height of 96 m according
to the fracture simulation. A flow back test after the stimulation treatment
in 2003 indicated an improvement of the PI to 7.5 m3/(hMPa), being highly
sensitive to formation pressure (Zimmermann et al., 2009). A chronological
sequence of all hydraulic treatments performed in the injection well E GrSk
3/90 and the corresponding change of productivity can be found in Table 1
and Table 2, respectively.

The second well Gt GrSk 4/05 A(2) was drilled as a geothermal produc-
tion well in 2006. It reached a final depth of 4404.4 m with a deviation of up
to 48° at bottom, where it is 475 m apart from the injection well. The initial
PI of the volcanic and sandstone layers was 2.4 m?/(hMPa) (Zimmermann
et al., 2010). In 2007 three stimulation treatments were carried out in differ-
ent depth intervals (Zimmermann and Reinicke, 2010; Zimmermann et al.,
2010). As a consequence, the initial PI was improved by a factor of 4.25
to 10.1 m®/(hMPa). A chronological sequence of all hydraulic treatments
performed in the production well Gt GrSk 4/05 A(2) and the corresponding
change of productivity can be found in Table 1 and Table 2, respectively.
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In 2009 a matrix acidisation treatment was performed in well Gt GrSk
4/05 A(2) using a coiled tubing unit to remove residual drilling mud in the
near wellbore environment. In total 10 m? of 7.5 % hydrochloric acid were
placed into the perforated intervals for 30 minutes and then flushed out
(Zimmermann et al., 2011). A casing lift test demonstrated a further increase
of productivity by 30 to 50 % to a PI between 13 to 15 m®/(hMPa).

In the framework of core screening by EEG (1990), core samples from the
reservoir section in well E GrSk 3/90 were analyzed for gas permeability and
porosity. The so determined permeability-depth characteristics were repro-
duced by Trautwein (2005) through measurements on remaining rock mate-
rial. Sandstones with good reservoir quality and porosities in excess of 10%
and permeabilities ranging from 5 to 100 mD at ambient conditions originate
from the lower layers of the Elbe-subgroup. The transitional layers from the
Elbe to the Havel-subgroup are characterized by strongly varying sedimen-
tation conditions, porosities (¢ = 3 to 18 %), and permeabilities (k = 0.05
to 100 mD). Apart from the upper 8 m, the sedimentary rocks of the Havel-
subgroup have porosities and permeabilities ranging from 3 to 8 % and 0.001
to 0.1 mD, respectively. The andesitic volcanites of the Lower Rotliegend
show porosities and permeabilities around 5 % and less than 0.01 mD, re-
spectively.

Trautwein (2005), in addition, selected four samples from depths between
4180 to 4207 m and performed water permeability measurements under in
situ pressure conditions at ambient temperature. Derived permeabilities were
consistently one order of magnitude lower than those measured by EEG

(1990). During drilling of well Gt GrSk 4/05 A(2), no rock coring was
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performed. Subsequent investigations on rock transport properties and the
effects of fluid-rock interactions were performed on Rotliegend analog ma-
terial from a neighboring well at Eberswalde, Germany (Eb 2/76) (Milsch
et al., 2009) or from the Flechtingen quarry, Germany (Schepers and Milsch,
2013a,b). The purpose of these investigations was to constrain processes
that reduce permeability during production and/or injection of fluids. Sev-
eral long-term flow-through experiments were conducted under simulated in
situ reservoir conditions and with durations of up to six months. No signif-
icant permeability change was observed indicating that for the type of rock
present within the sandstone section of the Grof§ Schonebeck reservoir, dam-
age by fines migration, clay swelling, and dissolution-precipitation reactions
can be excluded under laboratory conditions.

In 2010, production well Gt GrSk 4/05 A(2) was complemented with a
4.5” production string down to 1200 m. The production string was equipped
with a Y-tool having an electric submersible pump (ESP) bypassing a 2 7/8”
monitoring tubing to allow for wellbore measurements during production
(Figure 2). A pressure and temperature gauge was installed below the pump
to monitor changes in pressure and temperature.

The necessary infrastructure for production and subsequent injection of
geothermal fluid was established in June 2011. Until November 8, 2013, 139
hydraulic tests, with durations from ranging from more than 1 h to 165 h were
performed. The corresponding produced volume of the individual hydraulic
tests varied from less than 4.4 to 2567 m3. During all of the discharge tests, a
cumulative volume of 18900 m?® was produced from the reservoir. Including

the injection of approximately 4800 m? acidized fresh water in September
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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., 2015¢)

and October 2012, the cumulative injected volume during this period was
about 23700 m? (Figure 3).

During the test period, a change in the accessible depth of the well Gt
GrSk 4/05 A(2) was observed during successive logging campaigns (Regen-
spurg et al., 2015a) due to the precipitation of copper, barite and laurionite
minerals. In order to clean out the precipitates from the production well, a
coiled tubing (CT) operation was initiated in December 2012. At first, an
attempt was made to clean out the well using reverse circulation through
the CT. Due to the size and rheology of the solids, however, this operation
failed (a detailed analysis can be found in Reinsch et al., 2015c). Therefore,
a workover rig was used to clean the well in January/February 2014 (Reinsch

et al., 2015b).
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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 the
injection well. Processes influencing the productivity and injectivity of both

wells will be analyzed and discussed.

2. Methods

Analyses of the 139 hydraulic tests include: test duration t, produced
liquid volume from the reservoir (Qr, produced liquid volume measured at
the well head @, injected liquid volume at the well head Q;;, cumulative
produced liquid volume ) @, cumulative injected liquid volume ) Q;,,;, and
salt concentration of the injected brine C. All quantities are provided in
Appendix I. The salt concentration C' was calculated by the weighted aver-

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

10
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volume having a salt concentration of 265 g/L and 0 g/L, respectively. An
online measurement of the salt concentration of the injected liquid was not
performed. Furthermore, all recorded data and derived quantities from the
Grofl Schonebeck research platform between June 8, 2011 and November
8, 2013 are available as a scientific technical report (STR) (Reinsch et al.,
2015a).

The ESP was designed for a PI of approximately 6 m?/(hMPa) and the
design discharge rate was 60 m3/h with a pressure drawdown of 10 MPa in
the annulus of the production well. The ESP is equipped with a variable
speed drive. Reducing the pump speed results in a lower flow rate and a
reduced drawdown. Since the actual PI was ~1 m®/(hMPa) the pump had
to maintain a pressure drawdown of 10 MPa at a flow rate of 10 m®/h. This
operating point is outside the operating range of the pump and, therefore,

caused the pump to stop several times.

2.1. Production Well

For analyzing the productivity of the well, the pressure reading at the inlet
of the electric submersible pump (ESP) at 1200 m depth was used (Figure
2). The pressure drawdown during production corresponds to the difference
between the initial pressure p;,; = 117 bar and the pressure during production
Pais, both measured below the ESP. The measured fluid flow rate at the
surface () is a superposition of the flow rate generated from the reservoir
®r and an additional contribution from the annulus Q4. From the pressure
drawdown together with the geometric information about the annulus and
an assumption about the fluid density within the annulus, the contribution

from the annulus can be calculated. The diameter of the production casing

11
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decreases from 16”7 to 13 3/8” at a depth of 741.2 m. During production,
the water level within the annulus fell below this value. The change in
diameter could be identified in the pressure drawdown as a change in slope
when plotted versus time. The corresponding height of the water column
above the ESP and its hydrostatic pressure was used to calculate the actual
density of the annular fluid. From the annular flow rate and the flow rate
measurement at the surface, the fluid flow rate from the reservoir was derived.

The transmissibility 7" of a reservoir, defined as the product of permeabil-
ity and effective height of a reservoir T' = kh, can be calculated according to
Lee (1982) from the following formula, which describes the pressure buildup

after shut in of the well:

8(lnﬁ)  drkh

where Qg is the flow rate from the reservoir [m?/s|, u is the dynamic
viscosity [Pa s| of the fluid, k is the reservoir permeability [m?], h its effective
height [m], Ap the reservoir pressure [Pa], ¢ is the shut-in time [s], and ¢, is
the production time [s].

For a doublet system (production well and injection well), with a dis-
tance d between the wells, the following formula can be applied if radial low
behavior and homogeneous reservoir conditions can be assumed (Lee, 1982):

Or T 1

PI = = 2
Pini — Pdis 2 ln(%) +s @)

where P1I is the productivity index, pgs is the pressure at the production

well, r,, is the well radius and s is the skin.

12



168

169

170

171

172

174

175

176

177

178

179

181

182

183

184

185

186

187

188

189

190

At the Grof8 Schonebeck site, hydraulic tests have been performed to test
the feasibility of a continuous operation. At the beginning of the experi-
ments, the operation was stopped after a few hours due to problems with the
automatic control system on site. After adapting the control system to the
hydraulic situation of the well doublet, 139 hydraulic tests with a duration of
more than 1 hour could be performed and analysed. The average hydraulic
test lasted a few hours with a maximum duration of about one week in April
2012. The main reason for interrupting the individual tests was the unex-
pected large pressure drawdown within the production well. None of the
production tests reached steady state conditions. It was, therefore, decided
to analyse the dynamic evolution of the productivity index. The dynamic
productivity index (Plyy,,) was calculated as a 30 min average according to:

Plyy, = _@ (3)

Pini — Pdis

where () is the measured flow rate at the wellhead and p;,; and pg;s are
the initial and the discharge pressure at the ESP, respectively. The 30 min
average of each individual test was the interval between 40 min and 10 min
before test end (Figure 4). The Ply,, for each test is given in Appendix I.
During 17 fluid hydraulic tests a sudden change of Py, during production
was observed. To quantify this sudden productivity change a 10 min interval
before and after was analysed and averaged (Figure 4).

During two hydraulic experiments, two production logging campaigns
were performed in September 2011 (Henninges et al., 2012). On September
8, distributed temperature sensing (DTS) measurements were performed.

From the observed temperature changes during a 2.5 h production period

13
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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 (Plgy,) of the production

test on September 8, 2011.

with an average fluid flow rate of 45.3 m®/h, the fluid contribution from the
lower gel/proppant frac was calculated. This calculation is based on mass
and energy balance assuming constant liquid specific heat capacity (Grant,
2013).

On September 9, in addition to the DTS measurements, a p/T gauge
was operated together with a spinner log during a 4 h production test with
an average flow rate of 40.5 m3/h. A detailed description of the logging

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

For the injection well, pressure and flow rate were measured at the well-
head during injection. In order to analyse the injectivity of the well E GrSk
3/90, the dynamic injectivity index (//g4,) of the last 30 min of each hy-
draulic test was calculated in accordance to Equation 4 using the initial
pressure p;,; and recharge pressure p,.. measured at wellhead. The I, for
each test is given in Appendix I.

g = —2— @)

|pznz - prec|

In order to show that the measured injectivity index depends on viscos-
ity changes only, a numerical simulation was performed. First, the wellbore
simulator by Francke (2014) was applied to calculate the trend of fluid tem-
perature and pressure in the injection well at reservoir depth. The injection
flow rate and temperature, which were continuously measured at the well-
head, were used as input parameter for the simulation. The wellbore simula-
tor combines a compositional brine model with quasistatic thermo-hydraulic
flow and radially symmetric transient conductive heat flow into the forma-
tion. In a second step, the calculated temperature of the injected fluid served
as input to a 3D numerical thermo-hydraulic model of the reservoir similar
to Blocher et al. (2010), which calculates the distribution of pressure and
temperature considering the temperature dependence of viscosity. Finally,
the injectivity index 1 flgﬁf could be calculated according to Equation 4 from
the simulated injected flowrate and the calculated pressure build-up. The

I ]jgff for each test is given in Appendix I.
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21 3. Results

20 3.1. Production well

223 During production a non-linear reduction of the productivity from 8.9 m?/(hMPa)
2 on June 8, 2011 to 0.6 m*/(hMPa) on November 8, 2013 was observed (Fig-
»s ure 5). No steady state conditions were achieved during individual tests.
26 This means that the pressure was still decreasing at the end of each test
27 resulting in a decreasing Plgy,. This effect is best shown by the results of
28 the hydraulic experiments in April 2012. In less than 2 weeks more than
20 3000 m? of geothermal fluid were produced during three hydraulic tests with
20 two short tests preceding a test with a duration of one week. The Ply,,
2 computed from these three tests is significantly lower than the general trend.
22 In addition to a decline in productivity, mineral precipitation was observed

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

2 3.2. Sudden change in Plgyy,

235 Within the first six month of testing, a sudden increase of the Ply,, was
26 observed during 17 hydraulic tests (Figure 6). Production logging results
237 from a fibre optic distributed temperature sensing survey in September 2011
28 (Henninges et al. (2012); Figure 7) indicate a change in fluid contribution
20 from the lower gel/proppant frac (Figure 1). The middle panel in Figure 7
20 indicates that there was a contribution from the lowermost interval of the
a1 reservoir (>4355 m) at the beginning of the test, only. The contribution is
22 indicated by colder temperatures propagating up the well with time. The
23 relatively colder temperatures are due to the massive hydraulic stimulation

24 within this interval. After about 2.5 h of logging, there is a sudden change
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Figure 5: Dynamic productivity index (Plgy,) of 139 hydraulic tests measured between

June 8, 2011 and November 8, 2013.

in temperature at a depth of about 4200 m. The observed temperature
increase can be explained by a changing inflow from the lower gel /proppant
frac. The contribution of the lower gel /proppant frac was almost zero at the
beginning of the test and changed to about 70 % at the end. Simultaneously,
an increased Plg,, was observed. Such a sudden increase of the P, was
observed mostly for tests with a longer shut-in period before production as
indicated at about 118, 144, 172 and 174 h of ESP operation (Figure 8). For
such tests, the Plg,, started at a very low level before increasing abruptly.

Furthermore, it was observed that the Py, for tests with a shorter shut-in
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period before production had a similar value to the value observed at the
end of the previous test. For each individual test, a slight decrease of the
Plg,, was observed. Hydraulic data from successive tests show a slowly
decreasing Ply,,. A clear correlation between the amount of gas extracted
at the degasser and the sudden increase of production was not observed. For
some tests, however, there are indications of such a correlation. A sudden
increase in production was observed at about 120 h of operation as shown in
Figure 8. After an additional produced volume of 87 m?® an increase in gas
flow rate (composition of Ny (85 - 90%) and CHy (10 - 15%) as published by
Regenspurg et al. (2010)) at the degasser was observed. Furthermore, the
amount of gas separated for the tests at 172 and 175 h showed slightly higher
values compared to the tests prior to and after these tests. After the first six

months this sudden increase in Plg,, was no longer observed.

3.3. Ingection well

In September/October 2012, 4700 m? of geothermal fluid was produced.
After mixing this fluid with additional acidized fresh water it was injected into
the injection well. Including the volume of acidized fresh water (4800 m?),
9500 m?* were injected. This additional acidized fresh water volume was
injected in order to increase the reservoir pressure and to improve the perfor-
mance of the production well. This effect was not observed by the measured
P, as well as the subsequent shut-in pressures.

The measured I1g,, shows a slight decrease with cumulative injected
volume. Figure 9 shows the evolution of the I, as well as a calculated
value based on a numerical approach (Section 2.2). The more volume was

injected, the lower was the temperature in the near wellbore area result-
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Figure 6: Dynamic productivity index (Plgy,) of tests with a duration of more than 90
min and a produced volume of more than 100 m® each. Data of the last 30 min of each
test were analyzed. Also shown is the Plgy, (10 min mean) before and after opening of

the lower gel/proppant frac.

ing in an increased fluid viscosity. The temperature decrease was simulated
and validated by field measurements performed after the testing period by
temperature logging. The increased fluid viscosity led to a decrease of the
reservoir injectivity. For the injection well, no wellbore scaling was observed.
The first 54 hydraulic tests showed a range between 2.8 and 5.7 m? /(hMPa)
for the I1,,. During this time no stable testing conditions were achieved.
Therefore, the change of the 14, is due to variable testing condition. After-
wards, the injectivity increases to a level between 4.1 and 4.9 m®/(hMPa).
Due to the injection of more than 3000 m? geothermal fluid in April 2012,

the reservoir temperature was lowered, resulting in an increase in viscosity
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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.

4. Discussion

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

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

ductivity, and b) the sudden change of the Pl,, during individual tests in

the production well, as well as ¢) a constant injectivity in the injection well.
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4.1. Production well

The decline of the productivity cannot be explained by a single process.
Minerals clogging the well, wellbore skin due to copper precipitation, change
in the hydraulic properties of the stimulated fractures, two-phase flow and
hydraulic barriers in the reservoir are possible candidates for the overall pro-
ductivity decline and are discussed in the following.

The abrupt variations in the Plg,, are most likely linked to a changing
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Figure 9: Dynamic injectivity index (I1gyy) of 139 hydraulic tests measured between June

8, 2011 and November 8, 2013.

influx from the lower gel/proppant frac. These sudden changes were observed
during 17 hydraulic tests and were investigated by temperature profiling in
September 2011. The sudden change of the Plg,, occurred mostly after
longer shut-in periods. The processes which lead to this behaviour are dis-

cussed in the following.

4.1.1. Productivity decline

Wellbore fill. Measurements of the total wireline accessible depth performed
during several logging campaigns between 2010 and 2012 showed a decrease
in accessible depth over time from 4360 to 4116 m. The collection of bailer
samples revealed that the changing depth was caused by minerals clogging

the well. Two wellbore clean out operations removed large amounts of the fill
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to a final depth of 4345 m in January/February 2014. The material collected
from filters, bailer, and clean out operations was analyzed and quantified
(Regenspurg et al., 2015a). It was found that it consists solely of minerals
and amorphous phases that formed by direct precipitation indicating that
no solid material from the reservoir had entered the wellbore. The identified
minerals were native copper (Cu; 18 %), barite (Sr,BaSOy; 28 %); laurionite
(PbOHCI) and amorphous lead phases (9 %), calcite (CaCOs; 6 %), mag-
netite (Fe3Oy4, 20 %) and unidentified amorphous phases (15 %) consisting
of a mixture of Si, Al, Fe and Ca as well as about 5 % organic carbon.

The formation of the minerals happened either due to cooling of the
brine during shut-in (barite), slight shifts of the pH (laurionite), or due to
electrochemical reactions of Cu-bearing formation fluid with the steel casing
resulting in precipitation of native copper and magnetite. Altogether about
600 L of solid material are estimated to have been removed from the well (by
coiled tubing, clean out and filtering during plant operation).

It seems likely, that the fill is responsible for the decreased production
rate. However, laboratory test of the fill material revealed high permeability
values between 0.57 and 2.7 D (Meifiner, 2014). This was confirmed by a lift
test, performed after the well clean out down to 4345 m that showed only
little increase in the production rate thus demonstrating that the fill in the
uppermost part of the reservoir interval was not hydraulically tight. However,
since the composition of the material was not homogeneous along the well
and the material density increased with increasing depth, it cannot be ruled
out completely that the clogging material below 4345 m (within the fractured

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

in the sandstone layers.

Wellbore skin. The occurrence of high amounts of dissolved copper in the
geothermal brine is typical for Rotliegend formations (Blundell et al., 2003;
Cathles et al., 1993; Hitzman et al., 2010). In these highly saline waters,
chloride prevents Cu saturation by formation of aqueous Cu(II) or Cu(I)
chloride complexes. However, the introduction of carbon steel with a more
negative electric potential (Fey — Fe?* + 2e™; Eg = -0.44 V) than Cu (Cu?**
+ 2e~ — Cup; Eg = 0.34 V) results in reduction of Cu(II) to Cu(0) that
precipitates (Figure 10). This reaction most likely happens on both, inside
and outside of the casing. While the precipitates of Cu within the well can
be removed, sampled and quantified, it only can be assumed that the same
process happens on the outside of the casing as well. This kind of precipi-
tation would increasingly clog the pores of the nearby reservoir resulting in
a positive wellbore skin. In a laboratory study, this process was simulated
showing complete reduction of the pore space around and at some distance
from a steel pipe (Regenspurg et al., 2015b). In contrast, the negative skin
values obtained during the hydraulic tests (Appendix II, Table 4) indicate a
high conductivity connection between the wellbore and the reservoir through

the induced fractures.

Sustainability of induced fractures. Hydraulically induced fractures provide
enhanced permeability in enhanced geothermal systems. However, the lifes-
pan of hydraulically induced fractures is limited in time by chemical and

mechanical effects. These effects strongly depend on changes in pressure and
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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-
ogy and the stress state.

During stimulation treatments in well Gt GrSk 4/05 A(2) induced quartz
sand (volcanic section) and high strength proppants (sandstone section) were
used to keep the fractures open during production (Table 1) as well as to
achieve a longer life time of the system (Zimmermann and Reinicke, 2010;
Zimmermann et al., 2010). The stability of the high strength proppants was
tested under simulated in situ pressure and temperature conditions in the
laboratory (Zimmermann and Reinicke, 2010; Deon et al., 2013). The per-
meability of the rock-proppant system stabilised after some time and there
was no expectation of a long-term effect related to the mechanical interac-

tions between the proppants and the fracture faces under constant drawdown
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conditions. Under in situ temperature conditions some changes in the prop-
pant stability could be observed (Deon et al., 2013). However, in contrast to
the latter observation, proppants recovered after being in the well for several
years did not show any damage (Zimmermann et al., 2014).

In addition to the stability of the proppants, mineral alteration by dis-
solution and precipitation as well as mechanical effects (e.g. grain crush-
ing, brecciation, compaction and mineral replacement) can induce formation
damage (Reinicke et al., 2012; Kneafsey et al., 2015). Therefore, the sustain-
ability of the induced hydraulic fractures at Grof§ Schonebeck is questionable.
The stress state in the enhanced geothermal system was altered during the
139 hydraulic tests. During several hydraulic tests, the reservoir pressure
was greatly reduced to provide maximum test duration. For some individual
tests this drawdown reached values of approximately 10 MPa. Due the reduc-
tion of reservoir pressure the effective stresses on the hydraulic fractures are
increased by the same amount. How these alternating stress changes effect
the sustainability of the induced fractures is still unknown but the changes

of the Plgy,, and of the overall productivity indicate a negative influence.

Two-phase flow. Downhole fluid sampling data indicate a free gas phase dur-
ing production. Existence of two fluid phases (e.g. brine and gas) in a porous
medium is known to significantly affect its hydraulic properties (e.g. Abaci
et al., 1992, and references therein). Two-phase flow through porous rocks
reduces the effective permeabilities of the individual fluid phases, because a
part of the pore volume is occupied by one fluid phase and thus the effective
pore volume available for the flow of the other fluid is reduced.

To assess the effect of partial gas saturation on the productivity of the
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Grofl Schonebeck reservoir, effective permeabilities, k.s¢, were measured on
a sandstone sample having a permeability kg,; = 116 mD. This sample were
taken from the lower part of the Elbe-subgroup (well E GrSk 3/90). The
core sample was saturated with synthetic brine (2 M NaCl + 0.5 M CaCly)
and was subsequently flooded parallel to the sample axis. After applying a
constant differential pressure, Ap, the fluid flow rate, ), was determined.

The permeability was calculated from the Darcy equation:

Q-l-p 1
Ap )

where r and [ are radius and length of the sample, and g is the dynamic

k:

viscosity of the pore fluid. The flooding was performed at different levels
of partial sample saturation. To obtain decreasing brine saturation, N, was
successively injected into the sample. The corresponding sample saturation,
Sw, was derived from the pore volume of the sample and the brine volume
produced from the sample. After each drainage step, the sample was per-
colated with brine again to obtain the flow rate at partial saturation. The
relative permeability, k.., at a certain saturation level is given by the effec-
tive permeability, k.tr, normalized by the permeability k,; of the completely

brine saturated sample:

keys
kpel = .
: ksat (6>

Results are shown in Figure 11. A strong dependence between k. and

Sw was observed for the investigated sample. k,. decreases exponentially
with increasing partial saturation. The data show that 3 % of free gas phase

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

decreases with further increasing gas saturation (Sy = 45 %) to k. = 12 %.
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Figure 11: Relative permeability k,.; of a sandstone sample from the Grof§ Schénebeck
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-
responding fluid pressure changes will trigger the development of a free gas
phase in the Grof§ Schonebeck reservoir, is not fully understood yet. How-
ever, a number of fluid samples suggest that the saturation of the formation
fluid with CHy and N is at least close to their solubility limits. This means
that, when lowering the reservoir pressure during production, the solubility

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

hydraulic system.

Hydraulic Barriers - Compartmentalisation. Several hydraulic test were per-
formed in September/October 2011 with production periods of approximately
one day. Curve matching of the final pressure build up according to standard
well testing analysis (Horne, 1995) showed a radial symmetric flow regime
and a no-flow boundary (hydraulic barrier) on one side of the reservoir at a
distance of approximately 330 m. A continuous hydraulic test in April 2012
with a test duration of 7 days showed similar results. Again, the pressure
build up was investigated and pressure matching yielded a radial symmetric
flow regime with a no-flow boundary (hydraulic barrier) at a distance of ap-
proximately 122 m. Furthermore, the productivity of the well declined from
2.4 m*/(hMPa) in September/October 2011 to 1.5 m?®/(hMPa) in April 2012
based on transmissibility and skin calculation and assuming pseudo-radial
flow according to Lee (1982). Pressure matching of several hydraulic tests in
September/October 2012 again showed a radial symmetric response with a
no-flow boundary at a distance of 670 m. The corresponding transmissibility,
skin and productivity index were 8.2 - 107 m? -5.6 and 1.9 m? /(hMPa).
respectively. A detailed description of the well test analysis can be found
in Appendix II. The existence of a similar no-flow boundary at the injection
well could not be shown by additional well test analysis.

Since the pressure data, especially the derivative plot, gave no indication
for a bilinear or linear flow (Cinco-Ley and Samaniego-V., 1981), the pro-

duction data were analyzed by type curve matching assuming pseudo-radial
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flow. Due to short production time the produced volume from the reservoir
Qr (about 100 m3, see Table 3) is smaller than the estimated total fracture

3. Therefore, the pressure responses reflect the hydraulic

volume of 540 m
behavior of the fracture system and the near wellbore region. The changing
distance of the no-flow boundary can, therefore, be interpreted as a change
of the hydraulically assessable area due to changing reservoir conditions with

time.

4.1.2. Sudden change in Ply,,
The sudden change of the productivity can be related to a changing con-
tribution from the lower gel/proppant frac. The reasons for the changing

contribution are largely unknown. Possible reasons are:

1. Accumulation of gas in the fracture leading to a reduction of the per-
meability for liquid brine. A changing contribution might be accounted
for by a sudden reduction of the accumulated amount of gas. An in-
dication for this process might be a higher amount of gas produced in
tests where a changing contribution was observed.

2. Accumulation of fines/scales in the fracture during longer shut-in peri-
ods. A changing contribution might be accounted for by a production
of these fines into the well due to the increasing differential pressure.
Such fines would either be produced to the surface or they would ac-
cumulate in the lower part of the well.

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

the fracture surfaces during longer shut-in periods.

30



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

Accumulation of gas in the fracture. The changing contribution from the
lower gel/proppant frac does not show a significant correlation with the cal-
culated gas flow rate from the degasser. The produced volume for each test,
where a changing contribution was observed, is smaller than the wellbore
storage volume (215 m? for total water column). Thus, it is possible that
the fluid entering the well during individual tests did not reach the surface
during the same test. For the test at about 120 h of operating time, about
87 m? of fluid were produced from the reservoir between the change in the
P1I4y,, and the change in gas flow rate at the degasser. A clear answer on the
amount of gas being released during different tests cannot be given. There-
fore, the question whether an accumulation of gas in the gel/proppant frac
might reduce the permeability for liquid geothermal brine cannot be fully

answered.

Accumulation of fines/scales in the fracture. An increasing amount of fines in
the produced geothermal brine was observed in the first tests after a longer
shut-in period. These precipitates, however, were mostly observed at the
very beginning of tests, indicating a precipitation due to the cooling of the
liquid brine within the wellbore. A changing accessible depth of the well
was observed, too. The changing depth, however, was mostly observed after
the first 6 months of production, where a change in Ply,, was not observed
anymore. Thus, a direct correlation between the change in Plg, and the

accumulation of fines in individual tests cannot be inferred.

Change in mechanical load. During individual hydraulic tests the fluid pres-
sure was decreased by up to 10 MPa within the reservoir resulting in an in-

crease of effective pressure. This increase of effective pressure should yield a
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decrease in fracture aperture and, therefore, permeability. This effect could
not be validated by the observations. Therefore, a sudden change in the
fracture conductivity as a response to an effective pressure variation is ques-

tionable.

4.2. Injection well

Due to the injection of 4800 m? acidized fresh water in September/October
2012, the temperature in the injection zone of the reservoir and the salin-
ity of the injected fluid were reduced. A reduction of temperature increases
the fluid viscosity whereas the reduced salt concentration decreases the fluid
viscosity. Based on available temperature and salt concentration data, the
salinity effects is assumed to be dominant. The measured data confirm that
the injection of acidized fresh water increases the Ilgy,. In December 2012
the injection of acidized fresh water was stopped and the I/, decreased due
to an increase of salt concentration and viscosity, accordingly.

Between December 2012 and June 2013 no further hydraulic experiments
were performed. In June 2013 the measured I/4, show a relative increase.
This indicates an increase of the reservoir temperature and a reduction of
viscosity during the shut-in period.

The general behaviour of the described effects was interpreted as a change
in fluid viscosity due to temperature, salt concentration and pressure changes.
The performed 3D numerical simulation (Section 2.2), considering density

and viscosity changes, explains and validates these results.
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4.3. Reservoir Pressure

The performance of a reservoir in terms of productivity or injectivity in-
dex should be quantified according to the flow rate and pressure changes in
the reservoir. However, in most cases pressure and flow rate are measured at
the surface (wellhead) and are therefore influenced by the transient charac-
teristics of the water column in the well. Therefore, if transient effects like
temperature changes of the injected/produced fluids in the column cannot be
neglected, wellhead pressures must be corrected to compute reservoir pres-
sures. The same is valid for the flow rate since the reservoir flow is retarded
at the beginning of a hydraulic test. Temperature variations cause changes in
the density of the fluid column and hence lead to transient buoyancy effects.
Furthermore, viscosity of the fluid is temperature dependent and influences
injectivity index of the injection well. Since the inlet temperature of the pro-
duction well is almost constant, the viscosity effect must be considered for
the production wellbore, only. In case absolute values are needed a correction
is mandatory. If relative changes in pressure are sufficient for a correct inter-
pretation of reservoir performance, a correction is not necessarily needed but
potential inconsistencies especially at the beginning of hydraulic tests have

to be addressed.

5. Conclusions

During production a non-linear reduction of the productivity index from
8.9 m®/(hMPa) on June 8, 2011 to 0.6 m®/(hMPa) on November 8, 2013
was observed. Within the first six month of testing, a sudden increase of the

P1g,, was observed during 17 hydraulic tests.
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The transient behaviour of the productivity index is non-linear and indi-
cates an irreversible change of the reservoir characteristics. The reduction of
the productivity index might be explained by an accumulation of scale within
the wellbore, non-sustainable hydraulically induced fractures and a decrease
of reservoir permeability due to scaling or two-phase flow. Furthermore, a
compartmentalisation might cause the productivity decrease. The variation
of the injectivity index can be explained by a change of fluid viscosity and
fluid density within the reservoir due to injection of colder water with vari-
able salt concentration. These transient effects change the frictional pressure
loss inside the reservoir and lead to a changing injectivity.

The sudden increase of productivity is due to activation of the lower
gel/proppant frac. The contribution from the latter fracture increases after
sufficiently long shut-in periods before production. The abrupt inflow from
the lower gel /proppant frac might be explained by two-phase flow and corre-
sponding relative permeabilities as well as by the accumulation of fines/scales
in the fracture or by an effective pressure dependence (mechanical effect) of
the induced fracture conductivity. The exact reason, however, remains un-
known.

The decline of the overall productivity cannot be explained by a sin-
gle process. However, for each single process technical approaches exist
which can improve the performance of the deep geothermal reservoir of Grof3
Schonebeck. Minerals clogging in the well can be reduced by a proper com-
pletion material which reduces the electro-chemical reactions of the fluid with
the casing. The long term precipitation and sedimentation of minerals can

be avoided by a constant production temperature and high flow rates. Well-

34



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

bore skin due to copper precipitation can be avoided by the use of materials
which reduce electro-chemical reactions between fluid, rock and well casing.
Degassing of the produced fluid can be reduced by a lower pressure draw-
down during production. Furthermore, the reduced pressure drawdown will

prolong the mechanical sustainability of the induced fractures.
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Appendix II: Detailed analysis of hydraulic tests

The recovery phase of three different hydraulic tests were analysed, which
are characterised by an extended time of production and a subsequent shut-in

phase.

September/October 2011 test

The hydraulic test in September/October 2011 was performed in several
cycles of production of approximately one day each. Figure 12 shows the
progression of the whole test and the final shut-in period used for well test
analysis.

Standard curve matching analysis (e.g. Horne, 1995) showed a radial sym-
metric flow regime and a no-flow boundary on one side of the reservoir at a
distance of 330 m (Figure 13).

Curve matching yielded a transmissibility of 1.24 - 107'3 m3. The corre-
sponding skin is -5.2 and implies a good connection of the induced fractures
to the well. From these values the productivity index is calculated as 2.4 m?
/(hMPa). For a doublet with an effective distance between the two wells of

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

April 2012 test

The hydraulic test in April 2012 was the first test with continuous flow
for 7 days. After production the well was shut-in to record the pressure build
up (Figures 14 and 15).

Pressure matching yielded a radial symmetric flow regime and a no-flow
boundary at a distance of 122 m. Transmissibility was calculated as 1.14 -

1071 m? and skin amounts to -3.7 again indicating a good connection of the
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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 calculated
as 1.5 m* /(hMPa). For a doublet with an effective distance of the two wells
of 300 m the corresponding productivity index is 1.4 m* /(hMPa).

September/October 2012 test including additional injection

During the hydraulic tests in September/October 2012 in addition to the
produced formation fluid acidized fresh water was injected. In total 4800 m?
of additional acidized fresh water were injected. Pressure matching again
yielded a radial symmetric response with a no-flow boundary at a distance of
670 m. The corresponding transmissibility and the skin were 8.2 - 10~ m?
and -5.6, respectively. From these values the resulting productivity index,
1.9 m3 /(hMPa) is similar to the results of the test in April 2012 and for the
doublet solution 1.6 m*® /(hMPa) (Figures 16 and 17).

A summary of all test results can be found in Table 4.
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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.
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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.
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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 [m?] 1.24-1078¥ m? 1.14-107¥ m? 8.2.107% m3
Skin [ 5.2 3.7 5.6
Distance to no-flow boundary [m] 330 122 670
Productivity Index (Standard) [m?/hMPa)] 2.4 1.5 1.9
Productivity Index (Doublet) [m?/hMPa] 2.1 1.4 1.6
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