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Abstract

The Upper Pannonian (UP) sandstone formation in Hungary has been utilized for ther-
mal water production without reinjection since the 1960s. However, there is an increas-
ing need for setting up geothermal doublets or triplets, where used water is expected
to be reinjected into the same formation. Sustainable injection into porous sandstone
rock formation is not straightforward. Thus, the Hungarian research and development
project “Development of a well completion technology for sustainable and cost-
effective reinjection of thermal water”aims at designing a methodology for sustaining
the injectivity of geothermal wells in UP sandstone reservoirs. In this case study, we
present an intervention approach of an old geothermal production well for reinjec-
tion at the Szentes Geothermal Field. Based on the evaluation of well conditions,

the injectivity decline may be associated with reservoir characteristics, i.e., low trans-
missibility, mineral precipitation or local particle migration. Thus, a stimulation program
was designed, where various techniques such as hydraulic fracturing, acid treatment
and skin frac experiment were conducted. The novelty of this study is that to the best
of our knowledge, the skin frac technique has been applied for the first time in a geo-
thermal injection well worldwide. Based on the comparison of the various stimulation
experiments, the injectivity reduction is related to phenomena in the near-wellbore
area, i.e,, mechanical clogging due to fines migration in the reservoir. The largest injec-
tivity enhancement was observed due to skin frac experiment and pump lift, which
was not part of the original stimulation program. The skin frac method has the poten-
tial for providing injectivity enhancement of recompleted wells in poorly cemented
sandstone formations, but further field demonstration with optimized design

is required. The results of this well treatment, such as regular conduction of pump lift
and recommendations for proper design of skin frac treatment can be used in design-
ing long-term reinjection tests in loose sandstone formations in geothermal reservoirs.
Furthermore, future study should focus on the investigation of the link between pres-
sure depletion due to overexploitation, subsequent compaction and land subsidence
as well as injectivity problems.

Keywords: Upper Pannonian sandstone, Injectivity decline, Clogging, Fines migration,
Stimulation techniques, Skin frac
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Introduction

In Hungary, geothermal energy has been utilized since the nineteenth century in the
Pannonian Basin. The geothermal exploitation is concentrated in the South-Eastern part
of the country due to elevated geothermal gradient of ~ 45-50 °C/km compared to other
parts of the country, which can be linked to a relatively thin crust and lithosphere (Hor-
vath et al. 2015; Lenkey et al. 2021). In that area thermal water from Upper Pannonian
(UP) sandstone formations, especially the Ujfalu Formation, has been produced since
the 1960s (Szanyi and Kovacs 2010). Thermal water produced mainly from the loose and
poorly consolidated UP sandstone formation with relatively high permeability is utilized
for district heating, balneological as well as agricultural purposes with a total installed
capacity of approx. 1014 MWy .;ma (EGEC Market Report 2023). Sustainable geother-
mal operation requires reinjecting the used thermal water into the reservoir. Otherwise,
overexploitation may lead to a decline of reservoir pressure and production rates (Balint
and Szanyi 2015), compaction, land subsidence, and even induced seismicity (e.g., Seibt
and Kellner 2003; Ungemach 2003; Békési et al. 2022). Currently, the produced water
is discharged entirely in surface reservoirs (Szanyi et al. 2021). However, from 2027
all the produced thermal water must be reinjected into the subsurface by law (Madl-
Szényi et al. 2024). Therefore, there is a pressing need to find solutions to the commonly
observed injectivity decline of injection wells targeting the UP sandstone formation.

Marko et al. (2021) provide a framework for identifying potential mechanisms lead-
ing to injectivity decline (and in some cases increase) in a sandstone aquifer over sev-
eral spatial scales (Fig. 1). At local scale, clogging as a result of formation damage may
occur depending on underlying physical processes such as sand migration (Rosenbrand
et al. 2014). Other local processes are scaling, corrosion (Ochi and Vernoux 1998) and
microbial pollution (Croese et al. 2019). At regional scale, low reservoir permeability and
limited reservoir extent may play a role (Budai et al. 2024; Luo et al. 2023). Local effects
may be more pronounced in loose, unconsolidated sandstone formations such as the
UP sandstone. Using this framework, Brehme et al. (2024) have recently reported on the
first application of thermal and chemical stimulation in UP sandstone in Mez3berény in
South-Eastern Hungary to enhance injectivity drop in a geothermal well doublet. The
treatment was designed based on a petrophysical characterization campaign (Willems
et al. 2021). A comprehensive overview on the mechanisms causing injectivity decline
and enhancement in geothermal projects is provided by Luo et al. (2023).

The risk of formation damage is also known for CO, storage, CO,-based enhanced oil
recovery, produced water re-injection (PWRI) and well killing in petroleum engineering,
where foreign-fluid is injected in sedimentary (clastic or carbonate) reservoirs to prevent
unintended fluid inflow into the wellbore, especially in formation with high permeability
(Civan 2007; Martyushev et al. 2024; Zhao et al. 2025). However, if bottom-hole pressure
exceeds reservoir pressure, deterioration of formation characteristics may occur, such
as reduction in well skin, permeability, injectivity or productivity. Mechanisms lead-
ing to formation damage may include incompatibility between the injection fluid and
pore fluid or rock, change in pore structure and the migration of fine particles (Luo et al.
2023). The latter is associated with the interaction of water phase with the swelling of

clay minerals (particles) of the reservoir rock.
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Fig. 1 Overview of mechanisms underlying injectivity decline and enhancement during reinjection.
Mechanics are color-coded by type, i.e., whether they are physical, chemical or biological. Mechanisms in two
colours include two processes, i.e., physico-chemical, physico-biological, chemo-biological processes (Luo
etal. 2023)

The processes at local scale are often associated with near-wellbore area. Therefore,
it has been proposed that low injectivity in sandstone rock formation can be overcome
by the utilization of recompletion and selecting proper stimulation techniques from
petroleum engineering (Economides and Nolte 2000). The most common stimulation
techniques include chemical, hydraulic, mechanical and thermal methods. Chemical
stimulations involve matrix acidizing, such as the removal of scale and screen plugging,
acid washes and microbial treatment for biofilm removal (Portier et al. 2007; Marké et al.
2021). Hydraulic methods include hydraulic fracturing including gel-proppant fracs,
hybrid fracs, water fracs and frac and pack or skin frac treatments as well as hydrau-
lic shear stimulation (e.g., Zimmermann et al. 2010; Hofmann et al. 2019; Park et al.
2020). Mechanical methods cover re- and additional perforations (Nitters et al. 2016)
as radial water jet drilling (Blocher et al. 2016) and micro turbine drilling (Geissler et al.
2023). The main components of the hydraulic methods are a fracturing fluid consisting
of water and proppants tailored to a specific stimulation design. The frac and pack and
skin frac techniques have been applied for enhancing well performance in soft, unsta-
ble formations with high permeability in the petroleum industry worldwide since sev-
eral decades (e.g., Roodhart et al. 1994; Morales et al. 2003). However, to the best of our
knowledge, neither of the latter methods has been applied in geothermal wells because
of economic reasons. The methods rely on creating a relatively short, highly conductive
fracture in a reservoir to overcome near-wellbore damage (Roodhart et al. 1994). Frac

and pack technique is performed with a screen and proppant, and subsequently gravel is
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pumped behind the screen for formation integrity and preventing sand production after
a propped frac is induced. Skin frac employs tip screen out fracturing design, pumping
through perforations. The treatment design requires determination of the extent of for-
mation damage (skin factor), petrophysical parameters of the formation as well as in-situ
stress field.

The Hungarian national research and development project “Development of a well
completion technology for sustainable and cost-effective reinjection of thermal water”
(GINOP) was launched with the aim to develop tailored methodologies for sustaining
the injectivity of geothermal wells in Upper Pannonian sandstone reservoirs with a focus
on the Szentes geothermal field. The project includes petrophysical and geochemical
characterization of UP sandstone formations as well as drilling and completion of a new
reinjection well for the demonstration of long-term reinjection over 18 months. In this
paper, we present the intervention in an existing production well for reinjection using
various stimulation techniques to increase its injectivity. This includes the first applica-

tion of the skin frac method in a geothermal well.

Site characterization

Geographical and geological setting

One of the most intensively utilized geothermal areas in Hungary is the Szentes geo-
thermal field (Fig. 2), including the towns Szentes, Szegvéar and Fabiensebestyén with
40 active wells producing more than 5.5 million m® of hot water annually with a total
installed capacity of approx. 42 MWy, .,m. and gross heat production in 2021 of approx.
32 GWh/year (Bélint and Szanyi 2015; EGEC Market Report 2023).

150,000
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735,000 740,000 745,000 750,000 755,000 760,‘000
EOV Y [m]

Fig. 2 Location of the study area in Hungary, showing the active producing geothermal wells of the Szentes
geothermal field. The wells SZT-1 and SZSZT-IX were drilled, and well SZT-VIIl (K-666) was recompleted in the
framewaork of the GINOP project. The geological cross section across the field is shown in Fig. 3 (modified
after Koroncz et al. 2022)
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The latest study on the production history of the Szentes geothermal field was done
by Balint and Szanyi (2015) who review the field development and hydraulic character-
istics, such as production history of the wells and the latest production test campaign
conducted in 20 wells between 2009 and 2010. They observe continuous productivity
decline over several decades. It is concluded that long-term production without rein-
jection results in regional pressure decrease in Upper Pannonian sandstone layers,
which affects production well performance. There has been an attempt to improve
the productivity of the wells by rationalizing well operation and applying longer shut-
in periods, but these did not give satisfactory result. Figure 4 illustrates the geological
setting in the study area including the characteristic formation (Fig. 4a) and the repre-
sentative paleoenvironment (Fig. 4b). According to the geological characterization of the
study area by Koroncz et al. (2022), the Szentes area is part of the northern wedging
of the Maké trough, where the depth of the Pre-Neogene basement ranges from 3000
to 5000 m (Békési et al. 2022). Basin subsidence began in the Miocene, with the high-
est rate in the Pannonian (Late Miocene to Pliocene) resulting in sediment deposition
with a thickness of at least 4000 m. From a lithostratigraphic point of view, the first
group of sandstone formations is referred to as Tétkomlés Formation or marl that was
formed in Mid-Miocene. After that Lower Pannonian (LP) sandstone formations were
deposited. It comprises the Endréd Formation, the Szolnok Formation and the Algyé
Formation. These are characterized by layers of calcareous marl, clay-marl and very fine-
grained powdered quartz sandstone in a deep basin environment as turbidites on a delta
(shelf) slope. The younger Upper Pannonian (UP) sandstone formations are the Ujfalu
and Zagyva Formation. The lower part of which is characterized as sandstone with clay-
aleurite streaks or laminae. These are the result of deposition in a delta or alluvial plain,
moor and smaller bay environments. The upper 300-400 m of these sandstone layers
are described as loose, poorly consolidated sandstone. The UP sandstone layers are
covered by Pliocene and Pleistocene (terrestrial) sediments, such as sand, gravel, loess
and clay. Note that according to the latest stratigraphic nomenclature, the Ujfalu and
Zagyva Formations are referred to as Dunantili (Transdanubian) Formation Group, and
the Tétkomlos, Endréd, Szolnok and Algy6 Formations are referred to as Alfold Forma-
tion Group (Koroncz et al. 2022). We use the term UP sandstone formation as lithofacies
associations of Zagyva and Ujfalu Formations in this study (Willems et al. 2021).

Geothermal reservoir characteristics

At the Szentes geothermal field, the production intervals of geothermal wells are mainly
perforated in the Ujfalu Formation at a depth of 1800-2500 m (Fig. 3 and Table 1). In the
framework of the GINOP project, two new wells were drilled in 2020, SZSZT-IX and
SZT-1 with several coring intervals for conducting a laboratory characterization cam-
paign. Furthermore, well SZT-1 will serve as a demonstration well for conducting long-
term reinjection experiments in the future. The existing production well SZT-VIII was
temporarily repurposed for studying injectivity-related phenomena.

According to Koroncz et al. (2022), the UP sandstone formation in well SZT VIII is
characterized as fine and medium sandstone intercalated by thin marl and siltstone lay-
ers. From a sedimentological point of view, the sandstone bodies exhibit an origin of
estuary bar, delta branch river bed filling, and crevasse splay. The intercalating layers
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Fig. 3 Stratigraphic cross section across the study area illustrating well positions with top and bottom of

production perforation interval. The section path is shown in Fig. 2. The wells SZT-1 and SZSZT-IX were drilled,

and well SZT-VIIIl (K-666) was recompleted in the framework of the GINOP project (modified after Koroncz
etal. 2022)

Table 1 Characteristics of wells located at the Szentes geothermal field close to the wells SZT-1 and
SZSZT-IX as well as SZT-VIII (in bold) drilled and recompleted in the framework of the GINOP project,
respectively. EOV' Y and X stand for the geodetic coordinates of Hungarian maps (modified from

Balint and Szanyi 2015; and Koroncz et al. 2022)

Local National EOVY EOV X Drilling Depth Perforation Bottom-hole Production
WellID welllD (m) (m) year (m) Top- temperature rate (m3/
bottom (m) (°C) year)
AL/ K-561 741347 151764 1969 2050 1801-2019 85 256.000
AL/2 K-578 742231 151198 1971 2401 2135-2401 %4 256.000
SZSZT-IX  K-707 747995 149416 2020 2009 1932-1997 88 -
SZT-1 K-712 748464  149.886 2020 2000 1934-1981 93 -
SZTH K-498 747458 149539 1964 1995 1800-1975 85 154.860
SZT-Il K-562 747489 149493 1970 1800 1640-1793 82 150.850
SZT-III K-563 746484 148355 1970 1992 1678-1936 78 170.150
SZT-IV K-586 747234 149283 1972 2303 2060-2235 96 178.604
SZTV/1 K640 747855 150857 1979 2240 2040-2210 94 134.800
SZTV/2 K641 747800  150.800 1979 2000 1785-1993 84 155.100
SZTVI/T K642 749981  150.148 1978 2398 2046-2255 97 172.500
SZTVI/2 K643 749982  151.063 1978 1998 1694-1989 86 189.000
SZT-VII/T - K-644 747112 152442 1979 2257 2053-2205 96 156.900
SZT-VII/2 K639 747111 152480 1979 1806 1534-1754 76 174300
SZT-VII/3  K-645 747.101 152539 1980 1998 1800-1998 80 194.100
SZTVI - K-666 749.166  151.854 1988 2267*  1998-2137 90 128.900

" Accessible depth

Page 6 of 37
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Fig.4 Cross section of the Great Hungarian Plain illustrating characteristic geological formations (a); and
sedimentological block diagram illustrating the Late Miocene paleoenvironment (b). MT stands for Mako
trough (modified from Almasi 2001 and Njeru et al. 2024b)

may be associated with an oxbow lake environment. The UP sandstone samples from
wells SZT-1 and SZSZT-IX consist of mainly quartz, dolomite and calcite (carbonates),
albite as well as clay minerals, such as montmorillonite and kaolinite (Table 2). Accord-
ing to Njeru et al. (2024a) micro-CT analyses conducted on UP sandstone samples iden-
tify generally weak cementation and the presence of fine-grained materials in smaller
pores.

Figure 5 shows the classified sediments in Ujfalu Formation samples obtained from
well SZT-1. According to Koroncz et al. (2022) the samples contain a significant ratio
(over 50%) of fine sediments, such as clay, silt, very fine and fine sand, whereas the ratio
of medium and coarse sand varies between 1 and 35%. This is also reflected in Fig. 6
which shows the grain size distribution on water samples obtained from well SZT-VIII
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Table 2 Average mineral composition of Upper Pannonian sandstone formation samples based on
XRD measurements (Koroncz et al. 2022)

Mineral phase Average mass
fraction (%)

Calcite 353
Quartz (alpha) 5259
Microcline 7.98
Albite (low) 10.56
Kaolinite 543
Dolomite 12.91
Montmorillonite (MgCa) 4.85
Clinochlore 2.15

prior to stimulation experiment. The distribution is determined for grains taken from
surface screen and fine sediments in the brine. According to Table 3, the former exhibits
very fine sand as fine content (D10) and medium sand as coarse particle (D60), while the
fine content is clay, with D60 representing silt in brine. This has implications for poten-
tial fines and particle migration. Coarser particles tend to deposit and will not mobilize
after deposition, resulting in potential clogging in the reservoir. On the other hand, fine
particles may remobilize after deposition, as long as fluid flow velocity exceeds the criti-
cal velocity (Zhang et al. 2022).

The petrophysical parameters are summarized in Table 4 based on several laboratory
experiments including grain density, porosity, permeability, clay, silt and sand content as
well as strength and elastic parameters reported by Koroncz et al. (2022) and Gelencsér
et al. (2022), respectively. The core samples were obtained during drilling of wells SZT-1
and SZSZT-IX in 2020 from depth intervals between 1740 and 1972.5 m with an aver-
age core recovery of approx. 85% (Koroncz et al. 2022). The petrophysical parameters
show a strong dependence on diagenetic features such as grain size, clay content, rock
fabric and layering which is reflected in relatively high standard deviation compared to
the average value in Table 4. Furthermore, clay content shows an inverse relationship
with porosity and permeability, and a positive correlation with strength values. The
Mohr—Coulomb parameters cohesion and angle of internal friction, determined from
multiple failure state tests in triaxial compression (Kovdri test), demonstrate either only
compaction without shearing or shear enhanced compaction. This implies considering
pressure-dependent elastic moduli (Young’s modulus and Poisson’s ratio) for which the
stress—strain curves are provided in Gelencsér et al. (2022).

Table 5 summarizes the typical composition of geothermal brine in the Ujfalu For-
mation sampled from well SZT-V/2 close to well SZT-VIII. The composition exhibits
sodium—HCOj;-type geochemistry with low salinity (TDS <5000 mg/l) of paleometeoric
origin characteristic for fine grained Late Miocene to Pliocene sediments in formations
of the Great Hungarian Plain in Hungary (Varga et al. 2019).

History of injection-related issues in geothermal systems
Low injectivity is often experienced in geothermal doublets installed in sandstone
reservoirs (Marké et al. 2024). For example, the Mezdberény site, which is located
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Fig. 5 Categorisation of sediments in well SZT-1 with depth based on the Udden-Wentworth scale. The top
of the Upper Pannonian Ujfalu sandstone formation is at a depth of 1932 m (modified after Gelencsér et al.
2022)

approx. 80 km east to the present study site in southeastern Hungary, and it has per-
foration intervals in the Ujfalu formation, is reported to exhibit strong injectivity
decline of one order of magnitude within 1 month of operation in 2012-2013. Marké
et al (2021) point out that the phenomenon could be related to insufficient transmis-
sibility of the geological reservoir as well as pore throat blocking and skin in the near-
wellbore area as a result of chemical or mechanical clogging processes.
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Fig. 6 Grain size distribution of brine samples obtained from well SZT-VIII prior to stimulation in 2020. The
black curves represent samples taken from surface screen, and blue lines represent fines in brine

Table 3 Grain size distribution of samples obtained from well SZT-VIIl according to Fig. 6

Cumulative grain size 6 samples taken from sand screen in brine

2 brine samples,

distribution category sampling tank, average + std. deviation (um); average =+ std. deviation
grain class (um); grain class

D10 90 +40; very fine sand 1.8+0; clay

D60 300+ 50; medium sand 15+ 1;silt

Table 4 Summary of petrophysical and mechanical parameters of the Upper Pannonian sandstone

formation
Parameter Average value Standard Comment
Deviation
Depth (m) 1882 935 121 tested samples from wells SZSZT-IX
Grain density (kg/ms) 2710 15 and SZT-1 (Koroncz et al. 2022)
Porosity (%) 27 6
Permeability (m?) 71073 610713
Clay and fine silt content (%) 16.9 8.2
Sand content (%) 423 209
Uniaxial compressive strength (UCS,Pa) 1.2 107 1510 26 samples from well SZT-1 (Gelencsér
Young's modulus (Pa) 6.110° 6.9 10° etal. 2022)
Poisson'’s ratio (=) 0.24 0.08
Brazilian Tensile Strength (BTS, Pa) 710° 910° 24 samples from well SZT-1 (Gelencsér
etal. 2022)
Cohesion (Pa) 89 10° 44100 23 samples from well SZT-1 (Gelencsér
Angle of internal friction (°) 32 3.8 etal. 2022)

Methods

Evaluation of well and near-wellbore conditions

Based on availability, production history, perforation interval length and the static

Page 10 of 37
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geological and hydrogeological model of the study area, well SZT-VIII was selected
for the intervention. However, the state of the well and the near-wellbore condi-
tions had to be characterized due to historical nature of available data. Therefore,
well integrity had to be determined by assessing the casing, cement quality and sand
screens. The well logging campaign included Caliper, Radial Bond Logging (RBL),
Natural Gamma Ray and resistivity measurements.

After gaining confidence in adequate well integrity, injection tests were conducted
to estimate the baseline hydraulic characteristics of the well, such as transmissibility
(permeability), skin and injectivity index.

Temperature and flow meter logs were used to determine the contribution to over-
all flow of each screen section, where temperature logging is conducted prior to and
after the cold-water injection to obtain differential temperature profile. Differential
temperature was calculated by averaging the temperature decrease across the perfora-
tions and dividing that by the average of the baseline temperature profile before injec-
tion. By analyzing the temperature logs run after the injection, inflow zones can be
identified qualitatively, which are indicated by a negative temperature anomaly. It can
be assumed that the higher the temperature change, the more fluid can be injected
into the interval. The flow meter was equipped with quartz transducers to provide
flow profile, temperature, opacity and electrical conductivity logs.

The well test analysis was conducted using pressures recorded by downhole mem-
ory tool at 1950 m MD and flow rates. Absolute pressures are converted to differential
pressures, where the initial pressure is set to zero. The analysis of the well properties,
such as permeability, transmissivity and skin, was done by application of type curve
analysis using the software package Saphir (Kappa Engineering).

The evolution of transmissivity and skin is calculated from decline pressure curves
during and after the last injection stage taking into account the superposition principle
and assuming infinite acting radial flow (Horne 1995). The calculations are based on the

generalized formula for pressure development with stepwise flow rate changes:

no (g = gi-)K puer’
= I % (05772 + In| ) — 2
p(r,t) = po + Zi:l anin < + n(4k(t —ti-1) g W

with p(rt), well pressure; p,, initial pressure; h, interval length (height of reservoir); k,
rock permeability; q;, flow rate at i interval i; y, dynamic viscosity of fluid; y, 0.5772
(Euler constant); t;, interval time i; t, total time; ¢, porosity; c,, total compressibility; r,
well radius; s, skin.

The transmissivity (k h) is calculated from the logarithmic superposition time deriv-
ative of the pressure decline curve based on Lee (1982):

a(Ap)  qun
8(ln(tsfitp)) " dwkh (2)

where t, is the shut-in time and t, is the injection time.

In addition to these, the injectivity index (II) is calculated as the ratio of injection
rate and downhole pressure increase, DHP at the end of the highest injection rate
phase during each injection test:
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I

Decision on the stimulation program

Possible problem sources were investigated using the generalized concept introduced by
Marko et al. (2021). Based on that case study, which was applied on the Mez6berény site
with reservoir characteristics similar to the study area, such as lithostratigraphy, brine
composition and well completion, the potential injectivity decline in UP sandstone rock
can be associated with reservoir characteristics, i.e., low transmissibility, or with near-
wellbore phenomena, such as mineral precipitation or local particle migration. Conse-
quently, hydraulic fracturing, chemical (acid) treatment, as well as skin frac experiment
were considered.

The motivation behind hydraulic fracturing is its possibility to enhance the permeabil-
ity or transmissibility of an interval with low reservoir permeability. Chemical stimula-
tion may be used to dissolve precipitated minerals, e.g., scales at perforations. Skin frac
method may enhance both near-and far-field wellbore hydraulic parameters. The effect
of these interventions was evaluated by well test analysis of injection tests after each
treatment.

Since all injection-related problem sources associated with permeability and forma-
tion damage were considered with the highest probability compared to mineral precipi-
tation due to relatively low TDS content in brine, thus, hydraulic fracturing and skin frac
experiment were prioritized originally. By performing hydraulic fracturing first, final
design for skin frac test can be made. However, due to operational reasons, acid treat-
ment preceded skin frac experiment.

The skin frac treatment was designed using a commercial software that employs a
pseudo-3D hydraulic fracturing model to compute fracture dimensions (FracPro, Cleary
1994). It can be used to predict the pressure response in the well and to select the appro-
priate equipment. A tensile fracture (mode I) opening perpendicular to the minimum

principal stress is assumed.

Results

Experimental design

The schematic structure of the recompleted vertical well SZT-VIII is provided in Table 6
and Fig. 7. The perforated intervals are summarized in Table 7. Note that the well has a
drilling true vertical depth of 3400 m, and a bottom casing depth of 2893 m, but the well
bottom is filled with a cement plug until 2605 m.

Table 6 Casing string of well SZT-VIII

Casing string no Diameter (mm) True vertical depth (m)
Outer Inner Top Bottom
1 473(185/8”) - 0.0 455
2 340 (13 3/8") 318(125/8”) 00 4930
3 244(95/8”) 2285(87/8") 0.0 1793.0
4 178 (77) 1594 (6 1/4") 700.2 2893.0
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DEPTH (m)

CASING

45.5 m MD/TVD

493 m MD/TVD L

700.2 m MD/TVD

1793 m MD/TVD

Perfs:
1998.2-2009.2 m Interval for stimulation

2021.2-2032.2m Interval for stimulation
2043.2-2058.2 m
2070.2-2078.2 m
2084.2-2099.2 m
2109.2-2120.2 m
2128.2-2137.2m

2260.8 m MD/TVD/TD

Straddle Packer

Bridge plug

18 5/8"
Conductor

13 3/8"

95/8"

7n

Fig. 7 Schematic illustration of tested well SZT-VIII. The total depth (TD) corresponds to accessible depth
(Table 1). The experimental setup reflects conditions for skin frac experiment (Test #11 in Table 8)

Table 7 Perforation intervals of well SZT-VIII

Perforation No True vertical depth from - to (m) Length (m)
I 1998.2-2009.2 11
I 2021.2-2032.2 M
1l 2043.2-2058.2 15
vV 2070.2-2078.2 8
\ 2084.2-2099.2 15
Vi 2109.2-2120.2 11
VI 2128.2-2137.2 9
Total length of perforations 80

Page 14 of 37
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Based on cement bond logs the well cement is in an acceptable condition for interven-
tion despite several locations, where it is in moderate or bad condition. The logs also
reveal that the accessible depth is only 2260.8 m due to sand debris and cement spalling.
At this depth the bottom-hole temperature is 115.2 °C. There is hint towards moderate
mineral precipitation.

The intervention is realized on the basis of hydraulic tests. Injection water is provided
from nearby wells SZT-V/1 (K-640), SZT-V/2 (K-641) and SZT-VII/2 (the location of
well K-639 coincides with well K-644 in Fig. 2). During the tests, downhole pressure and
temperature were monitored with a probe installed at a depth of 1950 m, above the top
of the first perforation interval. The downhole flow rate is recorded using a flow meter to
determine the inflow rate of the tested perforation interval.

First, injection tests to determine reservoir permeability were conducted on all per-
foration intervals at once (Test #1). All well tests in this study are realized by injection
tests with several pressure build ups with subsequent shut-in phase. These are repeated
several times while increasing the injection rate gradually. This test is followed by inves-
tigating a single perforation interval with the highest flow rate and permeability to
understand the near- and far well characteristics of the well-performing interval (Test
#2). This required the isolation of the target interval by installing a bridge plug below
and by inflating a straddle packer above that interval. Permeability determined from this
test can serve as a reference value for subsequent tests. Further tests were conducted
with the same bridge plug and packer setup. The reference well test was followed by
a step-rate test using water (Test #3 and #4). After that hydraulic fracturing was con-
ducted using gel and proppant followed by another well test (Test #5 and #6). These tests
were followed by acid treatment and injection test (Test #7 and #8) as well as unplanned
pump lift (Test #9) and injection test (Test #10), which are presented in the Results sec-
tion. Using these test results, the skin frac test with tailored fracturing fluid and prop-
pants was conducted based on a stimulation design developed using a commercial
hydraulic fracturing simulator FracPro (Test #11a—c). For this treatment, both poor- and
well-performing perforation intervals I and II, respectively, are included to mimic condi-
tions similar to Test #1 (Fig. 7). The effect of each stimulation test is evaluated by injec-
tion tests (Test #12).

In total, 12 tests were conducted in well SZT-VIII in the framework of this study
(Table 8). Ten of them were performed in 2020, while the skin frac test including pre-
paratory injection and step-rate tests and the subsequent injection test were conducted
in 2021. An overview of the field experiments is given in Table 8. Table 9 gives an over-
view of the change in well parameters, such as reservoir permeability and transmissivity,
skin factor as well as injectivity index between the experiments. Figure 8 summarizes the
results of the conventional well test analysis of the injection tests.

First injection test

First, water was injected in all perforation intervals at a total length of 140 m in several
pressure build-up and fall-off (shut-in) phases to get an understanding of the hydrau-
lic characteristics of the well (Fig. 9). Pressure and temperature were measured above
the perforation intervals. Since water with surface temperature was injected into a hot
reservoir there was a temperature difference of about 30 °C downhole with respect to
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Table 8 Summary of hydraulic tests conducted in well SZT-VIII

Test No Test Description Date
#1 Injection test 1 All perforation intervals are tested 08.05.2020-12.05.2020
#2 Injection test 2 Injection test in best performing perforation interval Il, ~ 23.05.2020-24.05.2020
other perforation intervals are kept isolated until Test
#10
#3 Step-rate test 1 Diagnostic test for assessing non-linear flow behavior 24.05.2020
#4 Injection test 3 Determination of possible change in well parameters 24.05.2020-25.05.2020
#5 Hydraulic fracturing  Hydraulic fracturing conducted with gel and sand- 28.05.2020
proppant
#6 Injection test 4 Determination of permeability hindered due to pump ~ 28.05.2020-29.05.2020
failure
#7 Acid treatment Acid washing for removing the injected gel and sand- ~ 03.06.2020
proppant in the near-well area
#8 Injection test 5 Determination of possible change in well parameters 04.06.2020-08.06.2020
#9 Pump lift Water production for permeability enhancement 09.06.2020-12.06.2020
#10 Injection test 6 Determination of possible change in well parameters 13.06.2020-16.06.2020
#11a Injection test 7 Preparatory test for skin frac experiment. Intervals | and  30.06.2021
Il are stimulated in the remaining stimulation program
#11b Step-rate test 2 Preparatory test for skin frac experiment
#11c Skin frac experiment  Skin frac experiment with gel and bauxite-proppant
#12 Injection test 8 Determination of possible change in well parameters 03.07.2021-07.07.2021
on poor-performing interval | and well-performing
interval Il

initial reservoir fluid temperature. Thus, pre- and post-test conditions are evaluated
using temperature, flow resistance, flow meter as well as fluid transparency (borehole
televiewer) logs. The perforation interval performance is determined using an injection
rate of 10 I/s. Figure 10 and Table 10 show that fluid enters the reservoir dominantly, i.e.,
more than 80% of the injection fluid rate, through the perforation interval II. This sug-
gests that injectivity is controlled by this interval, where the vertical difference between
the top depth of interval I and the bottom depth of interval II is 34 m. However, to incor-
porate inflow into the rest of the intervals as well, the reservoir thickness for the well test
analysis is assumed to be larger, i.e., 46 m. The calculated permeability and transmissibil-
ity are 1.51 1072 m? (1510 mD) and 3.72 107! m?, respectively, and the injectivity index
is 3.7 1/(s bar). The well shows a strong positive skin of over 6, which is a hint towards
poor near-wellbore performance.

Second injection test

Based on first injection test, most of the injected fluid is absorbed by perforation inter-
val I with large skin factor. Thus, prior to the second hydraulic test, a cement plug was
installed at a depth of 2037.8 m, below perforation interval II and a straddle packer was
inflated at a depth of 2016.5 m above that to isolate interval II from the other intervals
for the study of injection-related phenomena in UP sandstone. Water was injected in the
original tubing string. The injection test on perforation interval II with a length of 11 m
reveals a reservoir permeability of 3.06 107! m? (3060 mD), transmissibility of 3.37 107!
m? as well as strong negative skin of -5.2 (Fig. 11). The injectivity index is 4.1 1/(s bar).

These test results serve as reference values for the subsequent experiments.
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Fig. 8 Log-log plots of conventional well testing analysis with pressure (dp) and pressure derivative (dP’)
curves over time since stat of shut-in. Data points indicate field data; lines show fitted model results. a Test #1,
b Test #2, c Test #4, d) Test #8, e) Test #10, f) Test #11c and g) Test #12

First step-rate injection test and third injection test
The step-rate test (Test #3) was conducted with water (Fig. 12). The aim of this experi-
ment was to determine the pressure level at which a change in injectivity might be
observed as indication for non-linear flow regime prior to hydraulic fracturing. The flow
rate levels were 2.8, 4, 7.8, 11.8 and 13.3 1/s.

Figure 13 shows the injection rate—pressure evolution of the test which is based on
average wellhead pressure at each flow rate step. According to that, non-linear behavior
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Fig. 9 Downhole pressure (top) and temperature (bottom) recorded at a depth of 1950 m as well as
injection rate during the first injection test over all perforation intervals

may be observed between 7.8 1/s and 13.3 1/s and between 80 and 85 bar wellhead pres-
sure, respectively. However, the transition is not unambiguous. This implies that hydrau-
lic fracturing would require pumping at higher injection rates. The subsequent third
hydraulic test reveals a permeability of 4.33 1072 m? (4330 mD), a transmissibility of
4.77 107! m? and an injectivity index of 3.6 /(s bar) (Fig. 14).

1st stimulation experiment: hydraulic fracturing and fourth injection test

Hydraulic fracturing (Test #5) was conducted using gel and sand as proppant. In total
8 m? of gel was prepared in a batch mixer at the injection site. The material parameters
for creating the gel are summarized in Table 11. The gel was designed for a drying rate
of 0.17 ml/s, pH of 10.3 and marsh viscosity of 180 s/l based on previous experience in
commercial operation in an offset oil and gas well. Unfortunately, no flow rate records
are available. The test was conducted on 28.05.2020 as follows (Fig. 15):
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Fig. 10 Geophysical logs during an injection test of 610 I/min (10 I/s) with injection rate share of respective

perforation interval in well SZT-VIIl

Table 10 Perforation intervals of well SZT-VIII, performing intervals as well as flow rate based on
injection test

Perf. Interval Diameter (mm) Depth (m) Interval Injection rate
length (m)
outer inner Top Bottom (I/s) (rel. %)

| 1778(7") 159.4 (6%4") 1998.2 2009.2 1 - -

Il 2021.2 2032.2 11 84 82.8

I 20432 2058.2 15 - -

\% 2070.2 2078.2 8 - -

\% 2084.2 2099.2 15 0.9 9.0

Y 2109.2 2120.2 11 03 33

VI 21282 21372 9 0.5 49
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Fig. 11 Downhole pressure (top) and temperature (bottom) recorded at a depth of 1950 m as well as
injection rate during the second injection test over the isolated perforation interval |l

+ Step 1: 12:25-13:05: Pure water injection in several steps;

« Step 2: 13:05-15:55: Mixing 8 m? gel into injection system;

+ Step 3: 16:10-16:15: Injection of 2 m? gel at well-head pressure of 16 bar at 3.3—
4.2 1/s flow rate;

+ Step 4: 16:15-16:30: Injection of 6 m® water for settling;

+ Step 5: 16:30-17:50: Preparation for hydraulic fracturing experiment. 17:30—
17:50 Gel and proppant mixing.

+ Step 6:17:50-18:25: Gel and sand injection at 2.5-51/s rate and at max well-head
pressure of 8 bar;

« Step 7: 18:25-19:30: Injection of 6 m® water for gel and proppant settling. First 3
m?® of water is injected until the well-head pressure equilibrates at 150 bar. After
that 3 m® of water is injected at 0.8—1.2 1/s rate with well-head pressure =100
120 bar.
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Fig. 13 Pressure vs flow rate plot based on the step-rate test shown in Fig. 12

The subsequent, fourth injection test was unsuccessful due to pump failure. This
hinders evaluating the effect of hydraulic fracturing.
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Fig. 14 Downhole pressure (top) and temperature (bottom) recorded at a depth of 1950 m as well as
injection rate during the third injection test
Table 11 Components of gel used in hydraulic fracturing
Material Function Value
Nalco 73,500 Bactericide 401
Caustic Soda pH control 10 kg
Incorr Corrosion inhibitor 401
VISCO XC84 Viscosity enhancer 50kg
Policell SL Drying control 150 kg
Intaflow Bridge builder 200 kg

2nd stimulation experiment: acid treatment and fifth injection test

After the failed fourth injection test, an acid wash was conducted for two reasons.

First, it served as a method to remove the previously injected slurry in the well, since
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Fig. 15 Wellhead pressure and temperature during hydraulic fracturing with gel and proppant. The steps
and the evolution of the flow rate is described in the text

Wellhead pressure (bar)

the effect of hydraulic fracturing on well parameters could not be evaluated. Second,
the experiment could be used to test the efficiency of enhancing injectivity of the well
by the dissolution of calcite precipitation as part of the stimulation program. There-
fore, chemical stimulation using 15% HCI was performed. The treatment was con-
ducted on 03.06.2020 in the following way:

11:20-11:55: Injection of 15% HCL at 3.3 1/s flow rate;

11:55-12:05: Injection of 1 m? water;

12:15-12:45: Injection of 7 m?® water for settling. No pressure change at well-head;
12:45-14:45: Acid attack in the formation.

L

The efficiency of the chemical stimulation was evaluated in the fifth injection test (Test
#8, Fig. 16). In this experiment, water is injected at several steps with average flow rates
of 1.2, 3.3 and 4.2 I/s. The test results reveal a permeability of 3.96 107'* m? (3960 mD),
transmissibility of 4.35 10! m?, a skin of 20 and an injectivity index of 0.4 1/(s bar). The
very large skin factor reveals poor near-wellbore flow performance.

Pump lift and sixth injection test
Since the latest tests demonstrated a significant decrease in injectivity index and large
skin factor, pump lift was performed to clean the wellbore from potential stimulation
fluid residuals. The production flow rates varied between 16.7 and 20 I/s at an average
wellhead pressure of 18 bar between 09 and 12.06.2020 resulting in a total produced
fluid of 888 m®.

The evaluation of the subsequent sixth injection test performed with 5, 8.5, 11 1/s aver-
age flow rates (Fig. 17) shows that the permeability is 3.12 1072 m? (3120 mD), the trans-
missibility is 3.44 107! m?, the injectivity index is 5.6 /(s bar). The well shows a strong

negative skin of -6.7.

3rd stimulation experiment: skin frac treatment and eighth injection test

In 2021, the skin frac treatment was conducted. The test design and material needs were
determined based on the tests described above, previous skin frac campaigns performed
in commercial offset oil and gas wells as well as using the FracPro commercial hydraulic
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Fig. 16 Downhole pressure (top) and temperature (bottom) recorded at a depth of 1950 m as well as
injection rate during fifth injection test
Table 12 Input formation parameters of the FracPro hydraulic fracturing simulator
Parameter Value
Permeability (m?) 510713
Porosity (%) 30
Reservoir pressure (Pa) 2107
Pore fluid viscosity (Pa s) 11073
Fracture pressure gradient (Pa/km) 1110
Young's modulus (Pa) 3510°
Poisson’s ratio (-) 0.3
Fracture toughness (Pa m'’?) 3.810°

Total compressibility (1/Pa) 97110710
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Fig. 17 Downhole pressure (top) and temperature (bottom) recorded at a depth of 1950 m as well as
injection rate during the sixth injection test

fracturing simulator. The well structure provided in Table 6 is used in the simulations.
Based on that, the available borehole flush volume to 2032 m depth is 4.548 m?. The
hydraulic and mechanical parameters of the sandstone formation used in the model are
summarized in Table 12 based on Table 4 and Farkas et al. (2019).

The fluid recipe of the fracturing fluid was designed by Newpark Fluid Systems. The
stimulation fluid to be pumped for 6 h was aimed at having a minimal viscosity above
500 mPa s (5 107! Pa s) at the formation temperature of 105 °C that can allow for efficient
proppant transport and placement. Then the fluid viscosity completely breaks (strongly
reduces) between 6 and 24 h after injection. Regarding proppant selection, based on the
sand test results in Figs. 5 and 6, the suggested mesh size is 20/40. However, due to eco-
nomic reasons, it was decided to use a smaller size of 30/50. Since both induced fracture
surface properties and closure pressure are expected to have stronger effect on fracture
conductivity compared to proppant particle size (Tian et al. 2024), thus, this economic
decision should not significantly influence the treatment.
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Table 13 Simulated schedule for the skin frac experiment

Stage no Stage Elapsed Fluid Type Clean Proppant Stage Slurry RateProppant Purpose
Type Time Volume concentration Proppant (I/s) Type
(min:sec) (m3) (kg/m3) (tons)
Wellbore fluid DynaFrac 4548 Borehole
HT 35 volume
1 Main  3:59 DynaFrac ~ 4.548 0 0.0 16.7 Induce
frac HT 35 hydrofrac that
pad can sustain
proppants
2 Main  6:02 DynaFrac 1452 60 0.1 16.7 Sintered baux- Filling prop-
frac HT 35 ite 30/50 pantinto the
slurry propagating
3 Main  7:04 DynaFrac 1000 120 01 167 hydraulic frac-
frac HT 35 ture. Proppant

concentrations

slurry '
. ] are increased
4 Main 806 DynaFrac 1.000 160 0.2 16.7 sequentially
frac HT 35
slurry
5 Main  9:09 DynaFrac 1.000 180 0.2 16.7
frac HT 35
slurry
6 Main  10:14 DynaFrac 1.000 240 0.2 16.7
frac HT 35
slurry
7 Main  11:20 DynaFrac 1.000 360 04 16.7
frac HT 35
slurry
8 Main  12:27 DynaFrac ~ 1.000 400 04 16.7
frac HT 35
slurry
9 Main  13:37 DynaFrac ~ 1.000 600 0.6 16.7
frac HT 35
slurry
10 Main 1447 DynaFrac 1.000 600 0.6 16.7
frac HT 35
slurry
" Main  15:57 DynaFrac 1.000 600 0.6 16.7
frac HT 35
slurry
12 Main  17:08 DynaFrac 1.000 600 06 16.7
frac HT 35
slurry
13 Main  21:40 Slickwater  4.548 0 0.0 16.7 Flushing
frac borehole
flush

According to the simulator, the specific fluid type is similar to DynaFrac HT 35. Under
these conditions a propped, radial hydraulic fracture with the highest dimensionless
fracture conductivity (F) of 0.43 with a maximum half-length of 6 m and average width
of 1.73 cm over the entire perforation interval II can be achieved using sintered bauxite
proppant with 30/50 mesh size.

Table 13 summarizes the design treatment and Fig. 18 shows the simulated pres-
sure evolution. According to the latter, the formation breakdown pressure is at
approx. 160 bar well-head pressure and it occurs within the first minute. The crea-
tion of a hydraulic fracture lasts for approx. 4 min and the arresting of its growth
by tip screen out (TSO) as well as fracture inflation and gradual proppant packing
should last until 17 elapsed minutes. Between 17 and 22 elapsed minutes, bore-

hole flush using slickwater is reflected in decreasing wellbore friction (red curve in
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Fig. 18 Simulation results of suggested treatment for skin frac experiment in well SZT-VIII

Fig. 18). The suggested injection rate throughout the treatment is 16.7 1/s. The cal-
culated material needs are 16 m> gel and 4 tons of sintered bauxite proppant with
mesh size of 30/50.

Based on the simulation results, a pump with max 350 bar pressure, 2 batch mixers
with 10 m? volume, 2 big bags (4 tons) of Saint—Gobain sintered bauxite proppant with
30/50 mesh size were used for the experiment. The field experimental setup is illustrated
in Fig. 19.

Seventh injection test

The first phase of the operation with water injection (Test #11a) aimed at testing the
hydraulic behaviour of the system with flow rates of 4.2, 16.7 and 20 1/s (Fig. 20). This
phase shows that the maximum well-head pressure (WHP) of 110 bar is larger compared
to the pressure level for non-linear flow behavior determined in the 1st step rate test
(Test #3), but there is no indication for leak-off or reaching the formation breakdown
pressure. This observation agrees with the FracPro simulation of the main treatment
using slurry (gel and proppant), where fracturing pressure is reached at WHP =160 bar.

Second step-rate test

The second phase, a step-rate (Test #11b) test using water aimed at identifying possi-
ble non-linearities in flow behavior (Fig. 21). According to Fig. 22, both Test #11a and
#11b show higher injectivity compared to 1st step-rate test (Test #3).

Skin frac test

The third, main treatment phase (Test #11c) served as transmissibility and injectivity
enhancement period consisting of hydraulic fracturing (skin frac) and gel displace-
ment periods (Fig. 23). The injected proppant mass was not recorded, but it was
pumped at a rate according to design schedule in Table 13. During the low injection
rate step of 6.7 l/s, injection was stopped for a minute due to pump outage. After the
pump outage, the injection was continued at constant rate, where pressure increased
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Fig. 19 View of the site during the skin frac operation

despite increasing proppant concentration. At about 10 1/s injection rate level, the
pressure increases to 170 bar well-head pressure and at about 13.3 1/s rate, the peak
pressure reaches 200 bar WHP. Both pressure levels are above the calculated fractur-
ing pressure of 160 bar. This pressure evolution is in contrast to a similar experiment
reported by Zimmermann and Reinicke (2010), where the pressure decreased in this
phase. The unexpected behavior could be explained either by blocking effects of the
slurry in the well during pump outage. After the skin frac experiment, gel displace-
ment (borehole flush) was conducted. Based on well test analysis of that phase, the
calculated permeability is 1.07 107! m? (10,700 mD), the transmissibility is 1.18 107'°
m?, and skin is — 2.61.

The subsequent eighth injection test (Test #12), few days after the skin frac opera-
tion shows a significant change in the well test parameters: permeability is 3.36 1072
m? (3360 mD), the transmissibility is 3.7 101! m?, skin is 6 and the injectivity index is
3.6 (Fig. 24 and Table 9).

Discussion

Well and reservoir behaviour

The analysis of permeability and transmissibility, skin and injectivity index can be
discussed as follows. Test #1, where all perforation intervals are tested hydraulically,
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exhibits a high skin factor larger than 5, which indicates formation damage in the
well. Since the well has been only used for production over decades, thus, it can be
assumed that the formation damage may be associated with sand and fine migration,
which is also shown by debris in the well prior to operation. The intervention, i.e.,
the isolation of the perforation interval with the highest inflow rate results in more
favorable, negative skin factor of — 5.16 (Test #2). This is an interesting result, since it
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indicates a significant fracture, although neither geophysical logging nor the injection
test (Test #2) suggests any hint towards fracture induction or flow into reopened frac-
ture. However, since cold water was injected into the interval, the possibility of ther-
mal or compaction-induced fracturing should be investigated in the future, e.g., using
thermal-hydro—mechanical coupled modeling. Another interesting observation is
that the injectivity index of the best performing interval is about 10% higher than that
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Fig. 24 Downhole pressure recorded at a depth of 1950 m and injection rate during the eighth injection test

considered for all intervals. This implies that this interval is worth for stimulation to
enhance injectivity despite the skin of -5.

After diagnostic step-rate test 1 in the isolated interval (Test #3), the subsequent
injection test (Test #4) reveals that skin factor becomes significantly larger, i.e., 8.9 and
injectivity decreases by 10% compared to prior-to-test conditions. The high skin factor
implies considerable formation damage, which occurs after 1-h-long step-rate injection
test. The rapid decrease in well injectivity in loose sedimentary rock is also reported by
Zettlitzer et al. (2010), where CO, was injected in loose sandstone of Stuttgart Forma-
tion at the former pilot CO, storage site in Ketzin, Germany.

Unfortunately, the effect of the first and second remediation techniques, hydrau-
lic fracturing (Test #5) and acid treatment (Test #7) on the wellbore behavior can be
only evaluated jointly, since the injection test after the former experiment (Test #6) was
unsuccessful. Thus, it is not fully understood why all studied well parameters are the
poorest after these experiments (Test #8), i.e., skin of 20 and injectivity index of 0.4 1/

(s bar). The lack of injectivity increase or skin improvement due to acid treatment in
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contrast to successful test at the same formation under similar conditions in Mez&berény
reported by Brehme et al. (2024) may be linked to the absence of well clean-up after
the hydraulic fracturing or to the lower total dissolved solids (salinity) and bicarbonate
content of the brine in the Szentes area. The lower salinity and bicarbonate content in
well SZT-VIII compared to the referred study implies lower tendency for scaling: 2310
vs 6705 mg/1 of total dissolved solids as well as 1629 mg/I vs 4470 mg/1 of HCO,, respec-
tively. However, a geochemical model may provide quantitative information regarding
the formation of well clogging due to precipitation of carbonate mineral.

Interestingly, pump lift operation (Test #9), which was not part of the original stimula-
tion program, managed to improve wellbore conditions (Test #10). Skin and injectivity
index are not only restored compared to previous state determined in Test #8, but both
exhibit the best values achieved in the stimulation program compared to Test #2, i.e.,
-6.67 vs -5.16 and 5.6 1/ (s bar) vs 4.1 1/ (s bar), respectively. Thus, pump lift proves to
be an efficient operation for well remediation, as also shown by Zhang et al. (2022) in
a geothermal well and Zettlitzer et al. (2010) in a well-used for injecting CO, in poorly
consolidated sandstone rock.

Since no further skin and injectivity enhancement can be expected for the stud-
ied interval II, skin frac was performed on interval I and II (Test #11), where interval
I previously showed poor inflow (Table 10). The results of the skin frac operation show
temporary successful treatment. Permeability is increased by one order of magnitude
compared to Test #1, and a skin of — 2.6 agrees with the expected value for such treat-
ment by Nitters et al. (2016). Consequently, performance in both near- and far-well area
are improved. However, the well test analysis of the subsequent injection test (Test #12)
reveals permeability, skin and injectivity values almost identical to Test #1. This suggests
that the induced hydraulic fracture could be propped only temporarily, and it must have
closed, probably due to pump outage during operation or not sufficiently large proppant

mesh size.

Implications for field operation

The results also allow making implications for field operation while considering underly-
ing clogging mechanisms in the well. Out of the four stimulation treatments, hydrau-
lic fracturing and acid treatment did not deliver any improvement to the well, neither
in the near nor in the far-wellbore area. This suggests that reservoir transmissibility is
not linked to any potential injection-related issue and chemical clogging is probably
not a dominant clogging process. On the other hand, skin frac experiment temporar-
ily reached its both near and far-wellbore goals. Furthermore, the unplanned pump lift
delivered significant improvement in near-wellbore area compared to base case. These
results imply that injectivity in the well is controlled by potential formation damage
induced by mechanical clogging due to mobilization of fine particles of the sandstone
rock formation.

The results agree with those reported by You et al. (2019), Zettlitzer et al. (2010) and
Zhang et al. (2022) who conducted an experimental and numerical study on forma-
tion blockage risk analysis of thermal water reinjection in a geothermal well screened
at weakly cemented sandstones. Similar to the well in the present study, that well
is reported to exhibit high productivity and permeability, but low injectivity due to
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mobilization and deposition of fine (sand and clay) particles. The authors conclude that
pump lift is an effective measure to remove the well blockage on a regular basis to main-
tain the desired injectivity of the well for a longer time.

Learnings, limitations and future work

Table 14 compares the applied stimulation methods with respect to observed effects.
Based on the results, although the effect of hydraulic fracturing cannot be evaluated, it
is likely not an optimal treatment due to large reservoir permeability. As for acid treat-
ment, additional hydrogeochemical modelling may be conducted to estimate the amount
of mineral phases that may precipitate in sodium carbonate formation water leading
to formation damage due to long-term reinjection. Pump lift proves to be an efficient
measure to restore skin and injectivity to produce deposited solid particles due to for-
mation damage. According to Zhang et al. (2022), this may be conducted once injectivity
drops by half or the reinjection pressure doubles. Furthermore, injection rate can be also
temporarily increased to mitigate clogging. However, in the long term, this approach
may deteriorate reservoir mechanical properties. Thus, skin frac may provide a stable
intervention. Its short-term enhancement of wellbore skin is demonstrated, albeit fur-
ther investigation with improved experimental design is required to prove its long-term
feasibility.

Some limitations must be considered in the interpretation of the results. It remains
open why the other, not tested perforated intervals of the well exhibit much lower injec-
tivity based on flow meter and temperature logs. It is, therefore, suggested to separately
conduct separate injection tests in these intervals to identify possible mechanisms. An
optimization approach could also look into occasional diverter drops that could reroute
the fluid flow for injectivity and distribution along the injection pay, or bioballs. Further-
more, it is suggested to conduct skin frac experiment with larger mesh size to achieve
propped hydraulic fracture permanently as well as a fluid recipe that allows fluid losing
viscosity much faster.

It must be also pointed out that the framework proposed by Marké et al. (2021),
which is also applied in the current study to investigate injection-related phenomena
in geothermal wells does not consider the possible effect of reservoir subsidence due
to reservoir overexploitation. The Szentes geothermal field has been producing since
the 1960s without reinjection, which represents a substantial timeframe for pressure

Table 14 Comparison of the applied stimulation techniques

Stimulation method Observed effect Comment

Hydraulic fracturing

Acid treatment

Pump lift

Skin frac

Further investigation is needed

No clear conclusion, further investigation
is needed

Enhanced near-wellbore effects: decrease
in skin and increase in injectivity

Temporary performance enhancement
both in near- and far-well area

Likely not necessary treatment due to large
reservoir permeability

Additional hydrogeochemical modelling
may quantify the likeliness of formation
damage

Best skin and injectivity values observed
after pump lift. Recommended procedure
for field operators

Further investigation with optimal experi-
mental design is needed

Page 34 of 37
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depletion and subsequent compaction to occur. This long-term deformation could
significantly impact the mechanical properties and flow behavior of the poorly con-
solidated sandstone rock. Subsidence affects the stress field around the wells, which
may result in fracturing. Furthermore, such fractures may not be optimally oriented
for fluid flow. Thus, future work should aim at better understanding the complex
interaction between production history, changes in geomechanical rock properties,
and injectivity performance in planning long-term reinjection tests.

Conclusions

The hot geothermal reservoir in the Szentes geothermal field in Hungary is charac-
terized by high reservoir permeability, but with injectivity insufficient for long-term
reinjection of thermal water into the unconsolidated Upper Pannonian sandstone
formation. To ensure stable injectivity, several stimulation techniques were applied,
including hydraulic fracturing, acid injection, skin frac test. In addition, pump lift was
also conducted in the well.

Based on the experimental results, we draw the following conclusions.

1. The field test results suggest that particle migration and resulting mechanical clog-
ging in near-wellbore area is the dominant process responsible for reduced injectiv-
ity.

2. Pump lift delivered injectivity enhancement. The propped fracture treatments
resulted in poor performance for long-term injection.

3. This is the first study that reports on a skin frac completion in a geothermal well.
The technique was capable of temporary permeability enhancement, but further field
demonstration with optimized design is required to prove its long-term feasibility.

4. Future work will consider coupled modelling of clogging processes during long-term
reinjection of thermal water in a newly drilled well in the same reservoir and labora-
tory experiments that aim to reproduce these processes. This includes understanding
particle mobilization and deposition as well as the effect of reservoir compaction due

to overexploitation.
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