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1 Introduction

1.1 General context

The Horizon 2020 project Science4CleanEnergy (S4CE) aims to develop, test and implement
technologies needed for successfully detecting, quantifying and mitigating the risks
connected with geo-energy operations in the sub-surface.

The operations considered by this consortium include geothermal energy, enhanced gas
recovery, carbon sequestration, and unconventional operations. Within S4CE, environmental
effects of geo-energy operations using deep wells were to be analysed with the help of
existing field sites, which were in different stages of their life.

SACE deployed advanced instrumentation in three existing field sites in Europe: the CarbFix
site in Iceland, a geothermal drilling project in Cornwall, UK, and a gas-water well initially
planned as a geothermal project in St.Gallen, Switzerland. Three additional field sites joined
SACE in 2019: a hydrocarbon facility in Trecate, Italy, a new geothermal field in Nesjavellir,
Iceland and a clay formation within a subsurface laboratory in Mont Terri, Switzerland.

The geothermal project undertaken by the city of St.Gallen (Switzerland) and operated by
local utility St.Galler Stadtwerke (sgsw) was based on a large-scale 3D seismic survey in 2010.
The survey led to drilling of the geothermal well, “St.Gallen GT-1”, to a measured depth (MD)
of 4450 m across Tertiary and Mesozoic rock formations as well as extensive scientific and
technical analysis, and well completion aimed at geothermal use. The area has additionally
been instrumented with a micro-seismic array operated since 2012 by the Swiss Seismological
Service (SED).

After complications occurred during well stimulation and testing in July 2013 (a gas kick and
seismic events up to ML 3.5 as a consequence of killing the well) the project was temporarily
stopped. In October 2013, the project was resumed with a modified drill stem test producing
gas and water and collection of a comprehensive data set on the developed jointed aquifer
within the regionally prominent St.Gallen Fault Zone.

The well has since been temporarily shut-in, and is being pressure-monitored from surface by
pressure gauges as well as seismically monitored by the micro-seismic array (see Task 7.7 —
Induced Micro-Seismicity Monitoring). Because of very low hot water flow rates, yet high
natural gas rates, and associated high risks for felt induced seismicity, the geothermal project
has been halted in May 2014 although the public acceptance of the project remained high
and without having drilled a second well to complete the initially planned hydrothermal
doublet. More details on project parameters, well completion, and conservation can be found
in Meier et al. (2019).

St.Gallen has then started to search for an ultimately commercially viable alternative use of
this well and to define the conditions for a definitive well abandonment. A gas project was
evaluated but stopped soon after Gas Initially In Place (GIIP) was estimated as too small for
economic exploitation although the gas had been produced at high rates and very high quality
over short time. In the course of this analysis, St.Gallen has invited E&P companies and
science to engage in the discussion about the future use of the well.

Within S4CE, the focus as field site lies on providing a well-characterised data set for
correlating seismic activity to fluid injection and gas-water production that lead to increased
seismic activity in the past. Therefore, simulation of the geomechanical system of St.Gallen
has already been initiated by S4CE partner geomecon in an earlier project and was carried on
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and intensified within S4CE (e.g. Meier at al. (2020)). The proposed study yielded an enhanced
understanding of the interaction of mechanisms in stabilising and destabilising of faults,
which will be particularly important given that limestone is a prevalent rock for geothermal
use in Europe. Besides measuring regional seismic activity, this drill site in “off-mode” gave
the chance for additional surface and downhole measurements at different times throughout
S4CE since drill site and well will be conserved at least until the end of S4CE.

Within Work Package 7 (Task 7.9) SACE partners set up a path to improve the potential risk of
well integrity failure related to geo-energy operations through sophisticated casing integrity
monitoring technologies and measurements. In the S4CE Grant agreement (2017, Annex 1) it
was therefore stated that: “TWI will select technologies suitable for monitoring the well
integrity based upon the development work in Task 6.1. The chosen technology will be then
demonstrated at the St.Gallen site, taking into account the specific subsurface conditions.
SACE will test the well integrity technology on a 4,000 meters long cased well section.
Installation will be organised to coincide with existing operations. Once installed the system
will be designed to operate with minimal user interaction to provide effective online
continuous well integrity monitoring. The monitoring will be targeted at highest risk areas of
the well, considering both probability and the consequence of a failure. This will be
determined through Tasks 5.3, 5.4 and 5.7.”

In the first place, the measurements of S4CE partner St.Gallen at “St.Gallen GT-1” well
described in this document were planned to complement those field tests realised by other
SACE partners. They were planned as an easy and inexpensive way to support, and in some
cases validate, any results gained through new technological tools within Task 7.9 for this
specific field site. In addition and related to its own risk management, partner and well
operator St.Gallen needed to have an indication on well integrity of its deep well after seven
years of not being in operation. Usually, the necessary risk assessments and well examinations
for geothermal wells — the latter originating mainly from the oil and gas industry — are still
immature, non-standardized and bear additional technical, financial and environmental risks
when realized (Lohne H. P. et al., 2016a/b; Lohne H. P. et al., 2018).

Unfortunately, the chosen monitoring tools and technologies as well as the corresponding
results within S4CE concerning well integrity monitoring (see upcoming Deliverable 7.4
Validation of sensing skin and well integrity monitoring techniques on field sites) did not meet
the expectations of partner St.Gallen concerning its own deep well. Since indications on well
integrity of “St.Gallen GT-1” well was deemed necessary by well operator St.Gallen during the
course of SACE project, instead an indirect well integrity measurement at St.Gallen field site
was realised by temperature profiling of the static temperature of the fluid column, a
protective fluid based on water, within the cased well bore (down to first borehole packer in
3690 m MD) with existing industry tools and technologies. Since shutting-in the well in 2013
the first ever measurement of such kind at “St.Gallen GT-1” well after seven years of no
operation within the well led to

Opening of well incl. wellhead service,

Temperature-Logging (Wireline Service),

Replacement of “missing” wellbore fluid over time and shutting-in of well,
Evaluation and conclusion on well integrity (indirect measurement).

v > > >

PU Page 6 of 15 Versionl1.0



Report on Task 7.9 — Well integrity measurement at St.Gallen field site by temperature s
profiling within cased well bore sections (/ = S
SciencegqCleanEnergy

Preparation of the actions described above started in September 2019. In the planning phase,
a measurement concept was set up. In the first week of September 2020 - slightly delayed by
the COVID-19 travel restrictions in spring of 2020 —, field site / well operator St.Gallen (sgsw)
realised the actions described above with the help of S4CE partner geomecon (Germany,
general quality control, scientific review), along with the subcontractor Geotec Consult
(Germany, coordination, field quality control, and data interpretation).

After shutting-in the well again, Geotec Consult interpreted the acquired data. The expected
results lead to an undisturbed temperature profile and indications on well integrity of the
cased hole sections down to about 3700 m MD of the cased wellbore for the use within S4CE
and other (scientific) purposes. The direct (and indirect) effects of the shut-in well with its
internal water-based fluid column were analysed after about seven years of not being
operational.

1.2 Objectives

After shutting-in the well in 2013 it was planned to carry out an indirect well integrity check
on the accessible cased hole section “St.Gallen GT-1” well by simple means and a relatively
low budget through temperature profiling of the well within the easy accessible cased well
sections.

As a secondary goal it was also aimed for determining — as a first ever indication throughout
the deeper subsurface of Northeastern Switzerland — the geothermal gradient for the
evaluated part of the well from the resulting data.

It was also an objective of these measures to provide a template for the plausibility check of
other well integrity tests with a pragmatic approach of a low-budget solution.

2 Methodological approach

The “St.Gallen GT-1” well, drilled in 2013, is equipped with a kill string (5" drill pipe) down to
1,981.1 m MD and with a bridge plug installed at 3,690 m MD. The drilling fluid had then been
changed to a protective (inhibited) fluid based on water.

When investigating drill hole integrity of a well, the casings and their cementation against the
borehole wall are usually checked using suitable measuring methods. The aim of the
measurements at St.Gallen field site in 2020 was to obtain information about the following
parameters:

A Corrosion on the pipes, reduction of wall thickness, hole in the casing and possibly
external fluid entering the borehole or well fluid exiting into the rock; possible
contamination of aquifers

A Changes in the cementation compared to the "zero measurement" after completion
of the drilling

These measurements are usually carried out by means of acoustic measuring methods on
cable-guided probes. After completion of the borehole in 2013, the entire casings as well as
the cementations were examined using USIT (Ultra Sonic Imaging Tool) from Schlumberger as
zero measurement.

To be able to carry out these cost-intensive measurements, the borehole must be freely
passable, i.e. no kill string must be installed. The removal and reinstallation of the kill string is
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time-consuming without a drilling rig. In addition, since the well is not in operation and has
been filled with an inert fluid, it was decided to carry out a check of the well integrity by simple
means:

A Checking the level of the fluid column within well

Carrying out a temperature log (temperature profiling of accessible sections of well)
In case of detected fluid losses: (Re-) filling of the wellbore with water

In case of (re-)filling of well: Realization of additional temperature log for showing
discontinuities at leakage point(s)

> > > >

Should the results of these measurements indicate a lack of integrity in the well, further action
would need to be taken depending upon the results.

3 Field work procedures

The fieldwork on the well was carried out on 15t and 2" of September 2020, about five months
behind the initial plan because of COVID-19 travel restrictions that were in place within
Europe in spring of 2020. The work was divided into the inspection and maintenance on the
wellhead above and pressure and temperature logging below ground.

In preparation for the work, a temporary working scaffold was installed in the drilling cellar
to ensure safe, accident-free work at the well site.

3.1 Wellhead inspection and maintenance

The wellhead inspection and maintenance was performed by service company Robke Erdol-
und Erdgastechnik GmbH, Vechta (Germany).

This work package comprised of the following:

A X-mas tree valve greasing and valve pressure testing
Annuli valve greasing and valve pressure testing
Annulus integrity monitoring

Hanger seal/pack-off testing

Gate valve and actuator repairs

> > > > >

The borehole was opened (1/2” nipple) and drew air for about half an hour, i.e. the level of
the fluid column within the well was significantly below ground level. The internal fluid level
was therefore to be determined using the temperature log.

The inspection and maintenance of the wellhead showed that all components fulfilled the
requirements according to the specifications.

3.2 Temperature and pressure log

The logging equipment and personnel for the temperature log was provided by service
company Schulze-Druckmessungen, Halberstadt (Germany). It consisted of the following
wireline tools (see also Figure 1):
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Logging winch with approx. 6,000 m multi-core cable for online measurements

Online tools for temperature and pressure (for quality control during logging only)

Memory tool + 1 backup for temperature (Pioneer Petrotech Services Inc., Canada)
Memory tool + 1 backup for pressure (Pioneer Petrotech Services Inc., Canada)

> > > >

In addition to the online measurement, combined memory tools were used, which have a

much higher accuracy and sensitivity as shown in Figure 2. For all results achieved, only data
from the memory tools were evaluated.

Figurel: Running in the pT tool strirgpove open wellleft). Memory temperature tool (right).

Sensor Type Piezo /RTD
Pressure
Range—psi 10K
Accuracy—psi +0.03% FS
Resolution—psi 0.0003% FS
Drift-psi/year <3
Temperature
Rating—"C 177 (350 °F)
Accuracy-"C +0.2
Resolution—"C 0.01|

Figure2: Specification of the pressure and temperature tools.
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It was planned to run the temperature and pressure log down to 3,680 m MD, i.e. for safety
reasons 10 m above the bridge plug at 3,690 m MD. Should the first logging run have shown
any need for further information, several options for further measurement runs would have
been available.

When running into hole, the fluid level within the borehole was determined with the online
tools at approx. 67 m MD. It was thus clear that the wireline tools would be lowered to 3,680
m MD, 10 m above the bridge plug at 3690 m MD, and then kept there for safety reasons.
Afterwards the missing fluid volume in the kill string and the annulus kill string x 13 3/8" casing
was filled up overnight and the up-log was run the next day. Here, the comparison between
down- and up-log should provide possible indications of damage to the borehole casing.

4 Data evaluation

4.1 Determination of water-level

Based on the memory readings of the pressure and temperature tools obtained during the
down-log, the water level was precisely determined at 67.9+0.2 m MD as shown in Figure 3.
This confirms the online measurement readings that have been determined on-site.

The water level at 67.9 m MD with the geometry of 13 3/8" pipes and 5" kill-string calculates
to a missing volume of 5,015 liters of wellbore fluid.
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Figure3: Determination of the wellbore fluid level based on the pressure and temperature logs at 67.9 m.
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4.2 Temperature field

The results of the down-log (red) and the up-log (green) are shown in Figure 4. The
measurement curves acquired by the memory toolsare parallel and show only a minimum
shift. This shift can be explained by inertia of the temperature sensor, which depends on the
travel speed of the wireline measuring unit.

The starting temperature of the down-log at the wellbore fluid level (67.9 m MD) was 12.8°C,
the highest temperature at 3,680 m MD (3,518.5 m TVD) reached 132.23°C. This results to a
(calculated) geothermal gradient of 3.46 K/100 m for the evaluated borehole sections.

At the top of the measurement diagram, the curves diverge. This results from the “missing”
wellbore fluid volume in the upper part of the well during down-log to 67,9 m MD. The up-
log (green curve) shows that the well has been filled up.

From the measurement curves, there is no obvious indication of damage to the borehole. On
the other hand, injection tests with cold water would be necessary to detect small leaks. For
this scenario, temperature logs before and after the injection would differ from each other.

Temperature [°C]
0 20 40 60 80 100 120 140

500 -

1000 -

1500 |

2000 -

Depth [mMD]

2500 ~

3000 -

3500 -

4000 [ GEOTEC (oY

Figure4: Results of the temperature logs. Dovag (red), uglog (green).
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Since there was no obvious defect in the piping within the well as well as no irregularities
during the pressure monitoring at the wellhead since shut-in in 2013, it was necessary to
check whether an explanation for the missing five cubic meters of wellbore fluid could be
found.

The acquired logging data was processed with MS Excel and will be made available through
IS-EPOS.

4.3 The “missing wellbore fluid problem” - Well integrity failure?

After the tests in 2013, the reservoir was sealed and an additional bridge plug was set at
3,690 m MD. The drilling fluid was then replaced by a protective fluid, meaning the well was
completely filled. At this time, the well had been heated up by the production test, which
lasted over several days. At 4,000 m MD, a temperature of 141.5°C had been measured in
2013. The produced water showed 95°C. As a result, the (subsequent injected) protective fluid
in the well has also heated up.

It had to be tested whether the temperature change of the water column from 2013 to 2020
could lead to a change in density with a volume change of five cubic meters.

The change in water density is not linear with temperature - this means that the volumetric
expansion coefficient for water is not constant over the temperature range as shown in Figure
5. Due to this mechanism of the density anomaly of liquid water, it was necessary to calculate
the possible expansion or contraction of the water column within the wellbore.

Thermic Volume Change Factor Water
25— I [

. """"""" 7777777777777 777777777 £

| = =Poly ([*10-4 K-1])

5 M e
y = 2E-06x% - 0,0006x2 + 0,1168x - 0,1347
R#=0,999
0 O+ +—t+—++F+++++—
0 50 100 150 200 250 300

EI“ECDNSULT

Figure5: Thermic volume change factor of water between 4 and 26880olynomal fitting function
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Based on the mathematical function given in Figure 5, that establishes a relation between
temperature and thermic volume change of water, it could be evaluated whether there is a
comprehensible connection between temperature changes in the fluid column of the well
and the detected lack of five cubic meters protective fluid or not.

0°C h0°C 100°C 150°C
Om - - '
\ \B1,U°C
500m \ \
1000 m \ \
2000 m \ \
2500 m \\
3000 m
Temperature \
MNaov 2013
3500 m
Tangee D
4000 m — 1264°¢|

Figure6: Example for a possible solution to tiveellboref | u i d

moss”

of b5

Tablel:Exampl es of value pairings of possible borehole
Temp @ 3680 m 126,4°C 124,1°C 121,8°C 118,2°C 113,5°C
Temp @0 m 81,0°C 83,0°C 85,0°C 88,0°C 92,0°C
Missing Volume -5,02 m? -5,02 m? -5,02 m3 -5,01 m3 -5,02 m?

By employing the relation between temperature and thermic volume of water, it was possible
to explain the “wellbore fluid loss” of five cubic meters with different value pairings (see
Figure 6 & Table 1) of the borehole temperatures at 0 and 3690 m for November 2013. This
proves that the detected lack of five cubic meters of protective fluid has not cause in a well
integrity failure of this well.

5 Conclusions

From the results of the temperature logs including wellhead maintenance and under
consideration of the low-budget solution chosen and realized at this non-operational gas-
water well, there is no indication of well integrity issues by means of damaged borehole
casings within the evaluated wellbore sections of “St.Gallen GT-1"” well. It is therefore safe —
from a technical and environmental point of view — to leave this well in the permanent non-

Versionl.0
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operational, shut-in but monitored status for more years or decades to come and further
evaluate potential alternative uses for this well on the side of the operator.

The fluid level in the well at 67.9 m MD on 1%t Sept. 2020 compared to 0.0 m MD in November
2013 seems to be only a “wellbore fluid loss” on first sight. After further evaluation, it can be
concluded that a decrease in temperature has led to this change in volume over time.

With this low-budget measurement, it is not possible to detect integrity defects in the
cementations, which so far have had no effects on the enclosed space in the well. Corrosion
on the casings cannot be detected with this solution either. However, since the well is not in
operation, it is unlikely that corrosion will occur within the closed well, which is filled with a
protective fluid and is exposed to almost no temperature changes and no changes in fluid
chemistry. The injection of 5 cubic meters of fresh water is not expected to change the
function of the protective fluid. Repeated checks of the water table within the well can — if
the water table is steady at the new level right below the wellhead — confirm the obtained
results (no indications of well integrity issues at this well) in the future.

It has been shown that even with a low-budget solution certain questions regarding well
integrity can be evaluated and answered.

As a scientific side effect, an undisturbed temperature profile was generated and the specific
geothermal gradient was calculated for this field site, which is of great interest to the City of
St.Gallen and the scientific community. These results could be the basis for further scientific
studies and projects as well as projects aimed at the economic use of the subsurface in this
area in North-Eastern Switzerland.

Overall, all the site activities realised at St.Gallen field site within the course of S4CE project —
with the help of all contributing partners involved — led to a better understanding of this
(subsurface) location. They are also enhancing scientific progress related to geo-energy
operations (e.g. geothermal use) through testing of new technologies, generating related
workflows, simulating subsurface conditions, support of creating best practice guidelines and
generating new subsurface data.
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