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;M‘”efa‘ aR”d Enerhgly _ The beginnings of geothermal implementation research in Poland date back to
P;ﬁ?ﬁrcyadﬁjgfszfetgg: 1989-1993 when the Mineral and Energy Economy Research Institute of the Polish
Wybickiego 7A Str, Academy of Sciences (MEERI PAS) launched the first geothermal installation in the
31-261 Krakow, Poland Podhale region, using the reconstructed Bariska IG-1 well. The knowledge acquired
Full list of author information duri h 30 has hiahliahted the i f h |

is available at the end of the uring these 30 years has highlighted the importance of geothermal energy—among
article other things, borehole reconstruction operations and the need for their further

refinement. The technologies developed have been used in virtually all geothermal
heating systems operating in Poland. Examples of successful reconstruction work
include the Bariska IG-1 and Biaty Dunajec PAN-1 wells operated by the PEC Geotermia
Podhalariska S.A. geothermal company. The Mszczondw IG-1 well, which is operated
by the Geotermia Mazowiecka S.A. heating company, has also undergone considerable
work almost 24 years after its complete closure. Reconstruction processes can also be
important in adapting existing wells for geothermal purposes. After World War Il, more
than 8000 boreholes deeper than 1000 m were drilled in Poland. They were primar-

ily made for the purpose of geological surveys and hydrocarbon exploration. Some

of these boreholes can be adapted for operation in geothermal systems. The paper
presents selected methods of reconstructing abandoned, disused (not abandoned and
not decommissioned) or damaged boreholes in order to use them in the geothermal
water extraction process. Four examples of borehole reconstruction, designed and car-
ried out with the participation of MEERI PAS in Krakéw, are discussed in more detail.

Keywords: Geothermal systems, Borehole reconstruction, Deep wells in Poland

Introduction

Borehole reconstruction involves a number of technical and research measures which
ultimately result in well and reservoir conditions that enable their commercial use. In
terms of geothermal needs and goals, borehole reconstruction can be carried out in
three areas, i.e.:

+ the reconstruction of a damaged or decommissioned well;
+ the restoration of an existing well;
« the repair of entire or part of an existing well.

Further, borehole reconstruction can be complete or partial.
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Unused boreholes, which were drilled years ago, provide interesting opportunities in
terms of their reconstruction. In many countries, there are several thousands of such
boreholes. Relevant data can be found on websites of national geological units in the
country in question or its online databases. For instance, in Poland, this information
is available on the Polish Geological Institute-National Research Institute web services
(PGI-NRI 20194, b), and in Germany it is available on the Federal Institute for Geo-
sciences and Natural Resources (BGR 2019) website. In the United States, data collected
only in California indicate the number of over 140,000 wells. Most of these wells were
plugged due to a decline of oil and gas productivity, while other wells were exploratory
(Caulk and Tomac 2017). Well reconstruction can be a much better option for geother-
mal developers than drilling a new well. These benefits are associated with smaller finan-
cial outlays for works directly related to drilling as well as the construction of surface
infrastructure. The lack of formal and administrative problems, which are usually long
and burdensome in the case of drilling new wells, is also of great importance. The neces-
sary condition for obtaining such benefits is the correct design and execution of recon-
struction work (Caulk and Tomac 2017; Reksland et al. 2017; Nian and Cheng 2018a, b;
Capuano 2016; Bujakowski 2015).

The correct reconstruction design is therefore crucial in the final economic effect of
the project. One should not forget about the energy value additionally obtained through
the use of heat pumps and the potential use of reservoir water. Chilled geothermal water
can also be used as a drinking water directly from the well, for e.g., from wells in Mszc-
zon6w and Poddebice in Poland (Bujakowski 2015; Pajak et al. 2020), or after treatment
with reverse osmosis technology (Tomaszewska 2008; Tomaszewska and Tyszer 2017;
Tomaszewska et al. 2017; Tomaszewska and Dendys 2018). Abandoned deep wells can
be also adapted to requirements of enhanced geothermal systems (EGS) or deep bore-
hole heat exchanger (BHE) technology. In many countries low-temperature geothermal
water are used to heat recreational pools and residential houses, greenhouse heating,
breeding aquaculture species, water desalination or serve as a heat source to heat pumps
(Kulcar et al. 2008; Goosen et al. 2010; Ostergaard and Lund 2011). For these reasons,
research is underway in many countries on the reuse of abandoned oil and gas wells. A
valuable review of these activities is presented in the paper by Caulk and Tomac (2017).
Authors report results of an investigation on the suitability of abandoned petroleum
wells in California for EGS and low-temperature deep BHE applications.

Thousands of deep boreholes yielded, over several decades, rich geological information
which was used to develop maps and atlases and write a number of geological articles
related to geothermal energy. These articles concern the technologies used in conven-
tional geothermal drilling (Barbier 2002), EGS installations (Lu 2018), and also in the
appraisal of geothermal water resources (e.g., Fridleifsson and Freeston 1994). Detailed
studies of geothermal resources were also performed at European scale (Haenel and Sta-
roste (1988); Hurter and Heanel (2002); Hurter and Schellschmidt 2003), and national
level, e.g., Germany (Agemar et al. 2014), Slovakia (Franko et al. (1995), and Ukraine
(Gordienko and Gordienko (2004). In Poland, numerous high-quality geothermal atlases
dealing with this subject were developed during last 30 years at scientific research units
(Gorecki 1990, 1995, 2006a, b, 2011, 2012, 2013, Barbacki et al. 2006; Solik-Heliasz 2009;
Bujakowski and Tomaszewska 2014; Gérecki et al. 2015).
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Since the end of World War II, more than 8000 boreholes deeper than 1000 m have
been drilled in Poland. These wells were drilled mainly for two purposes, i.e., to meet
the needs of the oil and gas industry and to recognize the geological structure and reser-
voir conditions. Drilling in Poland reached the highest intensity between 1966 and 1978
when more than 200 deep wells were drilled annually, while in the twenty-first century
this was only 37 wells on average (Fig. 1). From the total number of 8416 deep wells
in Poland, 5194 have depth between 1000 and 2000 m (61,7%), 1870 wells have depth
between 2000 and 3000 m (22,2%) and 1098 well are between 3000 and 4000 m deep
(13,0%). Only 254 wells are 4000 m deep or more, what constitute 3% of the total number
of deep wells in Poland (Figs. 1, 2). Most of wells drilled for assessment of fossil fuels and
mineral resources reserves are located on Carpathian Foredeep, Upper-Silesian Fore-
deep, Fore-Sudetic Monokline or southern part of East European Platform (Fig. 2). These
units have rather poor or moderately good geothermal conditions (Gérecki et al. 2015;
Sowizdzal 2018). Practically none of the boreholes drilled before 1989 were intended to
facilitate geothermal water resource exploitation. Therefore, their structure, and espe-
cially casing, prevents their simple adaptation for geothermal purposes. The borehole
completion date and the technical skills of the unit which drilled it are important indica-
tions when assessing the feasibility of borehole reconstruction. The wells completed in
the 1990s and later were drilled with the use of modern technologies of accessing reser-
voir zones as well as of developing reservoirs, water extraction and testing. This group of
wells could potentially be suitable for reconstruction in order to be used for geothermal
purposes.

The wells drilled under the supervision of the Polish Geological Institute-National
Research Institute (PGI-NRI) were commissioned mostly for research purposes
(exploring geological structures and reservoirs). For this reason, they typically
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Fig. 1 Deep boreholes drilled in Poland from 1945 to 2019
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Fig. 2 Spatial distribution of deep boreholes in Poland, classified according to the aim of drilling and their
depth

reached greater depths, had larger diameters and were tested in more detail com-
pared to those drilled for the oil industry. In this context, PGI-NRI wells are more
useful in terms of their planned development, although in some cases oil wells can
also be reconstructed, as demonstrated by the Kompina 2 oil well reconstruction pro-
ject (Bujakowski et al. 2009). Of these several thousand deep boreholes, it is estimated
that only a small percentage are suitable for reactivation and development for geo-
thermal purposes. For example, in the Piotrkéw district (central Poland), out of more
than 50 extant deep boreholes only 10 have been identified on the basis of prelimi-
nary evaluation as presenting potentially feasible reconstruction opportunities (Buja-
kowski (2014). It can be stated with considerable certainty that this number will be
further reduced at the stage of detailed analyses of well documentation. Even assum-
ing that only a small percentage of extant wells would be suitable for reconstruction,
their number is still sufficiently high that their development post-reconstruction
could be very important for environmental reasons and perhaps also attractive in
commercial terms.
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A brief overview of geothermal conditions in Poland

Poland has rich low-temperature geothermal resources, suitable for district heating,
recreation and balneotherapy. The largest in area and the most perspective geothermal
province in Poland is the Polish Lowlands province, which cover major part of the coun-
try (Fig. 3). Lower Cretaceous and Lower Jurassic reservoirs are the most valuable and
most of existing geothermal installation in central and north-western part of Poland
draw waters from one of these formations. These are the porous aquifers, mostly build
from sandstones, locally also from carbonates (Sowizdzal 2018). Geothermal water flow-
rates from single wells vary from several to locally over 300 m?/h, but discharges even
up to 450 m3/h are possible (Gérecki 2006a; Sowizdzat 2018). Wellhead temperature of
these waters range from 20 to 94 °C (the latter value in the axial part of the Mogilno-

Lodz

Trough, at a depth ca. 2.6 km), but geothermal waters with temperature up to

—50°

0

AN

14° 19° 24°
. 7 - \7\\\‘\
- 1
//' \\\_‘ = ___--\‘_\
P »
OLIS $
H \
1
‘\
\
\
) |ﬁhstargard \\\
| 53° J UPyrzyce !
v \
|1:| Torun !
L
/’ -
\ Sochaczew \//
« N
Y
//' Uni e/ow.llj Mszczonéw
\\‘ Poddeblcelh

o
Mszczonéw IG-1 5

CARPATHIAN /
FOREDEEP \

: CARPATHIAN MOUNTAINS )

-~
o,

100 km

® Porgba Wielka IG-1

[ \
Bialy Dunajec PAN-1
<

T N_O ~~ i

*

- \
PODHALE REGION - _

Bariska Nizna-Biaty Dunajec BT

Geothermal district heating systems:

Ilj Mszczonéw

h Sochaczew

® Mszczonéw IG-1

N

CARPATHIAN
FOREDEEP

working

under construction

Geothermal wells analysed
in the article

Boundaries of structural units

Names of structural units
(generalized for the Polish Lowlands
and the Carpathians)

Extent of the Lower Cretaceous
formation in the Polish Lowlands

Lack of the Lower Cretaceous
hydrogeothermal aquifer

Extent of the Lower Jurassic
formation in the Polish Lowlands

Boundaries of crystalline bedrock
below 3,000 m

Fig. 3 Map of main geothermal provinces in Poland

Page 5 of 27



Bujakowski et al. Geotherm Energy (2020) 8:10 Page 6 of 27

120-130 °C are expected at greater depths (ca. 4 km). Significant resources of geother-
mal energy are also stored in the Upper Jurassic, Middle Jurassic, Upper Triassic and
Lower Triassic formations of Polish Lowlands. While the geothermal waters produced
from the Lower Cretaceous strata are usually low mineralized (TDS from less than 1 g/
dm? to 50 g/dm?, locally also in excess of 100 g/dm?; Pajak et al. 2020), waters drawn
from the Lower Jurassic formation often exceed 100 g/dm?®, and locally even over 250 g/
dm?®. High mineralization of these waters pose a significant problem for geothermal
installation due to high susceptibility to corrosion. Five out of six geothermal district
heating plants in Poland are located in the Polish Lowland province and a few more are
planned or under construction (Fig. 3).

The next perspective region for further development of geothermal energy use in
Poland is the Podhale geothermal system located in the Inner Carpathians (Fig. 3).
The main geothermal aquifer is built from Mesozoic (mainly Triassic) limestones and
dolomites, sometimes covered by Middle Eocene carbonates. Reservoir has low natural
porosity, therefore fractures and deep faults are a key mechanism for water inflow to
boreholes. So far, 15 geothermal wells have been drilled, but new ones are planned. The
depth of these boreholes varies in a wide range from 680 m to ca. 3600 m, due to the
significant lowering of the main aquifer from the south to the north and west. Reservoir
thickness is the highest in the central part of the system, reaching ca. 700 m, of which
effective thickness is around 100 m. Approved operational resources from single well
range from 4 to 550 m%/h (six of them have capacity exceeding 100 m>®/h). Most wells are
self-flowing due to high artesian pressure (up to 27 bar). Wellhead temperature of pro-
duced water varies from 20 °C in the southern part of the system up to 90 °C in the cen-
tral and western part (Kepiriska 2006; Miecznik 2017; Bielec and Operacz 2018). Waters’
mineralization ranges from below 1 to ca 3 g/dm®. In case of deeper aquifer (poorly
recognized so far) measured formation water temperature was ca. 120 °C (depths ca.
4.8 km, no exploitation so far; Kepiniska 2006). The largest geothermal heating plant in
Poland (40.7 MW of geothermal installed capacity, 82.6 MW total) is exploiting waters
from the “Podhale 1” mining area located in the central part of the Podhale geothermal
system. At the same time it is one of the biggest geothermal heating plants in continental
Europe with advanced plans for capacity increase.

Other geothermal regions in Poland—Outer Carpathians, Carpathian Foredeep and
the Sudetes Mountains (Fig. 3) are less prospective and therefore are not described here.
Interested readers can find very detailed information and maps (except Sudetes Moun-
tains province) in geothermal atlases (Gérecki et al. 2012, 2013).

Reconstruction types

In the last few dozen years, several well reconstruction projects were developed in
Poland with the aim of adapting the boreholes in question for geothermal system pur-
poses. Out of this group of projects, only in a few cases was reconstruction work suc-
cessfully carried out. The wells which were reconstructed or with respect to which
reconstruction was planned can be divided into four groups depending on the scale
and scope of the work performed. Presented below is a list of selected deep wells which
undergo successful reconstruction for geothermal purposes or for which reconstruction
projects were prepared but were ultimately not implemented. Most of these wells were
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developed by specialists from the Mineral and Energy Economy Research Institute of the
Polish Academy of Sciences (MEERI PAS).

Group I. Decommissioned wells. These are wells that were decommissioned after
drilling and the surrounding site was reclaimed, e.g.:

« the Mszczonéw IG-1 well (drilled and decommissioned in 1977, reconstructed in
1999, trouble-free operation since 2000); reconstruction works are described in the
further part of the article;

+ the Kompina 2 well (drilled and decommissioned in 1981, a reconstruction project
was prepared in 2009 but was not implemented).

Group II. Abandoned wells. These are wells which have not been decommissioned
and surface equipment has been left in place; they sometimes access documented geo-
thermal water resources; this group includes e.g.:

+ the Banska IG-1 well (drilled in 1981, reconstructed and commissioned as part of the
first geothermal installation in Poland in 1993);

+ 3 wells in Uniejéw (Uniejéw IGH-1 from 1978, Uniejéw PIG/AGH-1 and Uniejéw
PIG/AGH-2 from 1990/1991 —commissioned in 2001);

« the Poreba Wielka IG-1 well (drilled in 1975, reconstructed in 2012); reconstruction
works are described in the further part of the article);

« the Skierniewice GT-1 and Skierniewice GT-2 wells (drilled in 1991 and 1997,
respectively, with a plan for their utilization from 2011 and a reconstruction design
from 2018, which is currently being implemented).

Group III. Damaged wells. These are wells which were worn out or suffered failures
during a doublet system (production and injection well) operation or wells where reser-
voir parameters significantly deteriorated, e.g.:

+ the Bialy Dunajec PAN-1 well (drilled in 1990, commissioned in 1993, partly repaired
in 2011; in 2014, the well was directionally deepened and restored to operation);
reconstruction works are described in the further part of the article;

+ 4 wells in Pyrzyce (drilled after 1992, commissioned as part of a geothermal plant in
1997, subsequently modified and repaired several times);

« the Stargard Szczecinski GT-2 well (drilled in 2005, repaired and operated as part of
a geothermal plant since 2012).

Group IV. Negative wells. Wells which failed to achieve their geological goal are
cased and include surface equipment, e.g.:

+ the Czarny Potok GT-1 well in Krynica (drilled in 2011, no documented geother-
mal water resources were found; in 2012, a plan was developed to convert the well
into a coaxial heat exchanger, but the project was not implemented), the assumptions
underlying the reconstruction plan are described in the further part of the article.

The scope of reconstruction work differed for each of the wells listed above. When

drawing up geological work designs, not just local geological and hydrogeothermal



Bujakowski et al. Geotherm Energy (2020) 8:10 Page 8 of 27

conditions (including hydrogeological and thermal parameters) but also the parameters
required with respect to the energy recipient were taken into account in each case.

Examples of completed borehole reconstructions
This section describes the reconstruction of selected deep boreholes in Poland for the
purpose of geothermal energy exploitation. Their locations are shown in Fig. 3.

Mszczonéw IG-1 well

The reconstruction of the Mszczonéw 1G-1 well, which was completely decommissioned
and the drilling site was fully reclaimed to the extent that a market operated in the place
where the well used to be, was the most extensive project. It was the first reconstruction
with such a large scope in Poland. The Mszczonéw IG-1 well was drilled in 1976-1977
within the framework of the “Projekt badan geologicznych w synklinorium warszawskim
i na antyklinorium kujawskim” (eng. “Warsaw Synclinorium and Kujawy Anticlinorium
geological research project”). The aim of that programme was to study the opportunities
offered by the Early Mesozoic, Permian and pre-Permian Palaeozoic reservoirs in the
contact zone between the Precambrian and Palaeozoic platforms.

The primary purpose of the Mszczonéw IG-1 well was to identify the facial variabil-
ity of the Main Dolomite within the Warsaw Trough. Before reaching its final depth of
4119 m, the Mszczonéw IG-1 well was drilled through Mesozoic and Permian forma-
tions as well as several dozen layers of Carboniferous formations. Reconstruction work
started in 1996 on the basis of the technical design drawn up by the POLGEOL company
and the methodology developed by MEERI PAS. The well was reconstructed in order
to restore its proper technical condition and also to determine an environmentally safe
rate of geothermal water extraction from Lower Cretaceous sandstone formations (Buja-
kowski 2000, 2015). The technical condition of the well pre- and post-reconstruction is
shown in Fig. 4. The interval included in the reconstruction reached the depth of 1793 m
b.g.l. where the top of the cement plug is located.

The reconstruction process included technical work and studies aimed at ensuring that
the technical condition of the well was safe and geothermal waters could be extracted
from the Lower Cretaceous aquifer.

I. Technical work, which included:

— drilling works and securing the well;
— making the reservoir accessible;
— installations and operating equipment.

II. Studies and reservoir tests including:

— flushing;

— measurement pumping (step-drawdown test);
— pre-operation pumping;

— hydrodynamic tests;

— geophysical studies of absorption zones;
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Fig. 4 Mszczondw IG-1 well—1977 (left) and post 1999 reconstruction (right) (Bujakowski et al. 2017)

— examination of well technical condition;
— physico-chemical analysis of waters;

— mineralogical and petrographic studies;
— isotope analysis of waters.

Technical drilling work mainly concerned the drilling of cement plugs, flushing the
well, testing whether the well is not obstructed using a lead impression block, diag-
nosing and eliminating casing defects. The final stage of this work consisted in the
perforation of casing within a selected interval (1602.5-1645.5 and 1663.5-1714.0 m).

These technical procedures, whose scope could not have been fully predicted at the
stage of drawing up the reconstruction project due to the absence of any records from
the drilling and decommissioning stages, played a key role in effectively repairing the
well, which guaranteed its long-term operation as a source of energy for a district
heating system. Casing damage was diagnosed with the use of a camera and MAC-80
and MIT-60 multi-finger imaging tools. The images obtained during the tests made
it possible to inspect visually any given casing section. Particular attention was paid
to the 0-95 m interval, where there was damage to casing at depths of around 5, 23
and 59 m (Figs. 5, 6). In the 24—46 m interval, a slight deviation between the profiles
obtained using the multifinger imaging tool was found, which was evidence of cas-
ing ovality. A discrepancy was also found in the depth measurement records made in
2001 (incorrect depth correlation at the casing collar under the wellhead). In order to
correct the depth scale of MAC-80 logging and to explain the defects in casing pre-
sent at the depths of 23 and 59 m, an additional measurement was made with a MIT-
60 multi-finger caliper from the wellhead down to the depth of 109 m. The damage
at the depth of 23 m was repaired by the insertion of a supplementary casing section
(Fig. 5), (Bujakowski et al. 2013a). Casing damage found at a depth of approximately
59 m was identified and repaired by milling the casing (Fig. 6).

Page 9 of 27
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Fig. 5 Picture of casing repair at a depth of 23 m (left: casing joints—image from the MIT probe from 2003,
right: supplementary casing design from 1999) (Bujakowski et al. 2013a)

Fig. 6 Casing damage at a depth of 59 m—image from the MIT-60 probe from 2003 (Bujakowski et al. 2013a)

The zones listed above are periodically monitored using geophysical borehole
probes as described in Bujakowski et al. 2013a. A summary of the results of casing
pipe inspections conducted using the MIT-60 probe is shown in Fig. 7. The image
shows the minimum, maximum and mean diameter changes recorded in 2003
(marked as MINDO03/2, MAXDO03/2 and AVEDO03/2 in the figure) and changes in min-
imum, maximum and mean pipe radius (as captured in 2003 and 2012 tests) (marked
as MINRO03, MAXR03, MINR12, MAXR12 and AVER12/2 in the figure). The above
curves are shown against the inner and outer radius of the pipe (wall thickness) esti-
mated on the basis of the documentation concerning the materials used in 1977.
These are marked as O.R. (outer pipe radius) and LR. (inner pipe radius). Curves
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Fig. 7 Comparative graph of pipe radius and pipe diameter testing using the MIT60 probe at a depth of
approximately 23 m, 2003 and 2012 (Bujakowski et al. 2013a)

Table 1 Summary of step-drawdown test (measurement pumping) results (Bujakowski

(2000)

Flow rate (m3/h) Pumping time Lowest level Depression (m) Unit Temp. at the end
of the water table efficiency of pumping (°C)
(mb.g.l.) (m3/(h-m))

29.0 29h 30 6746 14.46 2.01 36.6

56.0 47 h 45! 91.73 38.73 145 393

From 69.0t0 750 442h 107.3-79.09 54.3-26.09 1.27-2.87 405

which exceed an outer radius of 122 mm and an inner radius of 110 mm mean dam-
age to the pipe wall and its repair as shown in Fig. 7.

One of the major reconstruction tasks was to determine the production flow rate of
geothermal water which would be environmentally safe. As concerns the research car-
ried out, reservoir test and studies tests should be mentioned. These included well
flushing, measurement pumping, pre-operation pumping, hydrodynamic tests and
geophysical surveys of reservoir zones. Selected results obtained during measurement
pumping are presented in Table 1 (Bujakowski (2000).

Detailed studies of the reservoir zone were carried out with the use of a comprehen-
sive production logging (PL), which included the following components:

« casing collar locator (CCL);

+ gamma ray tool (GRT);

+ temperature logging tool (TLT);
« stack pressure tool (SPT);

« fullbore flowmeter (FBF).

The purpose of production logging of geothermal water feed zones is to:

« assess the productivity of individual intervals (in terms of their percentage shares);
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« assess inflows from individual intervals within the reservoir complex;

+ determine the location of non-productive zones (possibly using renewed perforation
or other procedures to clear the well’s horizons);

+ determine the thickness of the effective reservoir zone to assess reservoir productiv-

ity.

Logging the reservoir zone with a production log is included in the scope of monitor-
ing and three cycles of such logging were carried during the reconstruction (on 7 March
1997 20 June 1997 and 13 July 1999); additional logging inspections were carried out
in 2003 (28 May) and 2012 (7 November) (Bujakowski et al. 2013b)—Fig. 8. The FBF
flowmeter measures the velocity of well fluids using a spinner impeller. Upward move-
ment of the flowmeter in the wellbore causes the spinner to rotate in proportion to the
measurement speed or velocity of fluid entering the well. On the production log chart,
production interval can be recognized as a zone of increased rotation velocity of a spin-
ner. Constant spinner velocity (vertical or nearly vertical line on production log chart) is
due to the constant measurement speed, therefore increase in the rotational speed of a
spinner can be linked to the inflow of water from reservoir to the wellbore.

A comparison of analyses of measurements from previous years demonstrates
(Fig. 8) that the well’s productivity (assessed in a system where water is injected into
the two absorption zones made available by perforation) does not change significantly
over time, except for the first cycle of testing when no absorption capacity was found
in the lower perforation interval. As a result of these studies, the productivity of the
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Fig. 8 Summary of production logging results from 1997, 1999, 2003 and 2012 (Bujakowski et al. 2013b)
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lower reservoir zone was assessed at around 70% and that of the upper zone at around
30% of the total. The tests conducted show that the greatest step change in the well’s
productivity occurs at a distance of just several centimeters at a depth of approxi-
mately 1680 m (Bujakowski et al. 2013b). Data on physical and chemical properties
of geothermal waters as well as on the intensity of sand migration from the reservoir
were obtained from specially established test sites.

The following conclusions may be made on the basis of the tests conducted:

+ the Lower Cretaceous geothermal reservoir exhibits high water production rate
and temperature stability;

+ the migration of sand from the reservoir is small and decreases quickly during
intensive pumping;

+ the pressure and temperature of reservoir water are quickly restored;

+ results of water chemical analyses indicate that it can be approved for use as a
drinking water (this eliminates the problem of water disposal after using it as a
heat source);

« casing tests indicate its good condition despite its age and its different original

purpose.

The Mszczonéw IG-1 well has been operated in a single-well arrangement since
2000 and the water produced is used for heating, as drinking water and for bathing.
As a result of the reconstruction work carried out, geothermal water resources have

been documented with the following parameters:

« production rate: 60 m3/h;

« depression S: 24.6 m;

» temperature: 41.5 °C;

« mineral content: 490 mg/dm?;

+ water type: HCO;—Cl-Na—Ca;

+ static water table at a depth of 499 m b.g.l.

The parameters documented are continuously monitored during well operation.
Figure 9 presents a summary of selected basic reservoir operation parameters in 2018.
The graphs indicate the stable operation of the geothermal system.

In 2017 and 2018, Geotermia Mazowiecka S.A. together with MEERI PAS in
Krakéw and the Warsaw University of Technology carried out a research project enti-
tled “Development of a method for injecting spent geothermal waters into selected
geological structures” co-financed from the 2014-2020 Regional Operational Pro-
gramme of the Mazowsze Province (Priority Axis: Company R&D Activities). The
idea underlying the project was the storage of spent (cooled) geothermal water meet-
ing requirements for drinking water in shallow aquifers. For these purposes, a Qua-
ternary aquifer situated at a depth of up to 100 m was picked in the Mszczon6w area.
On the basis of existing geological data, a model of groundwater flows in the selected
aquifer was developed. Subsequently, one injection well and two observation wells
were designed and drilled (Bujakowski et al. 2020). After several months of research
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Fig. 9 Summary of monthly measurements of Mszczonéw IG-1 geothermal well operation parameters
(extraction rate, water table and water temperature)

and tests, which demonstrated no negative impact of geothermal water injection on
the environment, all necessary administrative decisions and permits were obtained,
including the environmental decision for the project and the water law permit for
water injection. Research is currently underway in order to optimize the operation of
the entire system.

Poreba Wielka 1G-1 well

The Poreba Wielka IG-1 well was drilled from 1973 to 1975. The well provided access to
a geothermal water (brine) aquifer in the series belonging to the Mszana Dolna tectonic
window (Flysch Carpathians) in inoceramic layers (Upper Cretaceous—Paleocene) in the
1804.0-2002.4 m interval. On 5 November 1976, the geothermal water resources were

approved with the following parameters: Q=12.1 m*/h (artesian flow) with a wellhead
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Fig. 10 Schematic structure of the Poreba Wielka IG-1 well in its pre-reconstruction state (Bujakowski et al.
2013¢)

temperature of 42 °C and mineral content of approx. 22 g/dm?® (Poprawa et al. 1975).
After its completion and testing in 1975, the Poreba Wielka IG-1 well remained disused.

In 2010, after 35 years, MEERI PAS developed the “Geological works project in order
to update geothermal water resources for the Poreba Wielka IG-1 well” (Bujakowski et al.
2010). The aim of the project was to extract geothermal waters for balneological and rec-
reational purposes. The purpose of the works planned was to confirm the approved in
1976 production rate for geothermal water resources in the Poreba Wielka IG-1 well, or
alternatively to determine if more water could be extracted from the well.

This is an example of reconstruction of a disused well which had neither been decom-
missioned nor operated since its construction. The schematic structure of the borehole
in its pre-reconstruction state is shown in Fig. 10.

First, in order to balance the wellhead pressure (approx. 5.5 MPa), brine with a specific
gravity of approx. 1.4 g/dm® was injected through the existing wellhead (Fig. 11) and
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Fig. 11 Dismantled old wellhead of the Poreba Wielka IG-1 well (photo: B. Bielec)

27/4" siphon tubes were sunk down to a depth of 1104.1 m. Subsequently, the upper part
of the wellhead was dismantled, a blowout preventer was installed and the 27/,” tubes
were pulled out.

The next step was well drifting using lead impression block, done in order to check
whether the casing is not obstructed and the well is clear. The borehole was unob-
structed down to a depth of 1748.0 m (the beginning of the 4'/,” filter column). Accord-
ing to hydrogeological documentation, the filter column should have been “suspended”
at a depth of 1749.8 m. As a result of testing the filter column with a lead impression
block, it was found that the column was obstructed with material at the depth of 1899 m,
but that material was then flushed down to 2000 m. In the 2000-2002.4 m interval
(final borehole depth according to hydrogeological documentation) the borehole was
obstructed and this was probably the bottom of the hole.

After the obstruction had been cleared, geophysical studies (Dziedzic 2012) were initi-
ated to determine the technical condition of the casing and the effectiveness of casing
cementation. To this end, the borehole was logged using the following tools:

+  MIT-60 multi-finger imaging tool in the 0—-1749 m interval;

+  MIT-24 multi-finger imaging tool in the 1749-2002, 1 m interval;
+ magnetic thickness tool (MTT);

« radial bond tool (RBT);

+ temperature logging tool (TLT);

+ KITA inclinometer.

On the basis of the measurements recorded in the Poreba Wielka IG-1 well, the tech-
nical condition of casing was assessed as good and its internal diameter (ID) was esti-
mated to be in line with catalogue data.

After the planned geophysical measurements and hydrogeological surveys had been
carried out, the original wellhead, which had been dismantled shortly after the start
of reconstruction works, was replaced with a new one, adapted for geothermal water
extraction. The dismantled wellhead was a typical oil wellhead (Fig. 12).
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Fig. 12 Lower part of the original Poreba Wielka IG-1 wellhead together with a flange connection to the
casing head (photo: B. Bielec)

Fig. 13 New wellhead of the Poreba Wielka IG-1 well (photo: B. Bielec)

In connection with the possible future use of the Poreba Wielka IG-1 well as an injec-
tion well, a decision was made to install a partly acid-resistant new wellhead (lower
part +first valve) due to the high water mineral content of ca. 23—24 g/dm? (Fig. 13).
Prior to assembly, a pressure test at an operating pressure of 10 MPa was conducted.

As a result of the work conducted, the well was brought to good technical condition
(Chrusciel 2012), the appropriate wellhead was installed, and the following production
resources were documented and approved:

+ chemical type of water: CI-HCO;3;-Na, I;

« water mineral content: 23—24 g/dm?;

« water temperature at the wellhead: 42.1 °C at Q=16.1 m®/h;

« static water level in a heated borehole: 1060.53 m a.s.l. (at land elevation of 517.43 m
a.s.l, artesian pressure is about 5.4 MPa).
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For the Poreba Wielka IG-1 well, from which water is extracted at a rate of 16.1 m?/
hour at depression S=511.9 m, the theoretically determined radius of investigation is
1048 m. Currently (2019), the well’'s owner, i.e., Gorczanskie Wody Termalne Sp. z o.0.,
holds a concession for the extraction of water from the Poreba Wielka GT-1 well, but the
production has not commenced yet. Work is underway to start extraction. Geothermal
water from the well will be used primarily for balneotherapy. In the future, recreational
swimming pools will be opened as well.

Biaty Dunajec PAN-1 well

The Bialy Dunajec PAN-1 well is an example of reconstruction effected through the
repair of damaged casing. The well was drilled by MEERI PAS in 1990 to a depth of
2394 m and was operated within the PEC Geotermia Podhalariska S.A. system as an
injection well until 2003 when it was found that the casing of the 9°/4” column was leak-
ing. The well was taken out of service and reconstructed in 2011 in order to repair the
damaged casing by inserting 7” pipes and cementing them (Dubiel et al. 2012). In the
following years, the well did not operate properly (a decrease in absorption capacity
from the original value of approx. 200 m*/h to around a dozen m>/h) due to the obstruc-
tion caused by a fragment of drill string (approx. 240 m) left in the borehole. Therefore, a
decision was made to carry out reconstruction works consisting in closing off the lower
section of the borehole and its directional deepening down from the depth of 2136 m,
which made a new section of the reservoir accessible down to a 2500 m TVD (Fig. 14). In
2013, the operator of the PEC Geotermia Podhalaniska S.A. geothermal system carried
out reconstruction work on the basis of a directional well deepening design. During the
work, it was found that the borehole needed to be additionally deepened by approxi-
mately 125 m, i.e., to a depth of 2625 m TVD in order to considerably increase the inter-
val in which the reservoir was accessible (Bujakowski et al. 2015).

Drilling work related to the deepening of the Bialy Dunajec PAN-1 injection well was
divided into two stages. In the first stage, an attempt was made to unblock the space
between the 5” drill string assembly left in the borehole and the borehole wall. To that
end, an assembly with a milling head 82 mm in diameter was lowered into the bore-
hole and the 2152-2161.7 m interval was cleared. Subsequently, the drilling fluid was
replaced with water, and test pumping and absorption capacity test were performed.
Unsatisfactory results were obtained (pumping capacity of approx. 60 m?/h and absorp-
tion capacity of 24 m>/h at injection pressure of 60 bar), and therefore a decision was
made to commence the second stage of works, i.e., the drilling of a directional borehole.
First of all, a cement plug was set up in the 20242152 m interval. The purpose of the
work was, on the one hand, to seal the perforation of the lower section of the 9°/," cas-
ing carried out in 2011 during the first reconstruction of the borehole, and on the other
hand to enable a directional borehole with an “S” trajectory to be drilled (Fig. 14). After
the cement had set, the plug was drilled within the 2024—2135 m interval (9°/4" casing
shoe) and then an assembly with a downhole motor and a 5”/" drill was used in order to
perform directional drilling.

During the drilling process, inspections and measurements were carried out on an

ongoing basis, including the measurement, logging and real-time processing of drilling
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Fig. 14 Schematic structure of the Biaty Dunajec PAN-1 well post-reconstruction (based on Bujakowski et al.
2015)

and geological parameters and gas profiling. Since directional drilling to the depth of
2500 m did not result in satisfactory well injection capacity, on the basis of additional
analysis of geological and hydrogeological data it was decided to drill further to a depth
of 2625 m TVD (Bujakowski et al. 2014). Ultimately, the Bialy Dunajec PAN-1 well was
drilled to a MD (measured depth) of 2606.1 m (2592.8 m TVD).

In order to determine the hydrogeological parameters of the geothermal water res-
ervoir, two injection capacity tests and one hydrodynamic test were performed. The
first (preliminary) injection capacity test was performed shortly after the drilling had
been completed in October 2014, while the main injection capacity test was conducted
in January 2015. Injection capacity test and hydrodynamic test results are presented in
Table 2. As a result of the reconstruction of the damaged Bialy Dunajec PAN-1 well, the
operator PEC Geotermia Podhalanska S.A. managed to make it fully suitable for opera-
tion in a doublet arrangement, documenting injection capacity of 375 m>/h at an injec-
tion pressure of 6.3 MPa.
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Table 2 Summary of the results of hydrogeological tests conducted in the Biaty Dunajec
PAN-1 well after its reconstruction in 2015 (Bujakowski et al. 2015)

Step Flow rate (m3/h) Pressure at the wellhead Time (hh:mm)
in the final phase of the step
(bar)
Preliminary injectivity test
\ 31.0 208 01:00
Il 100.0 239 00:55
M1l 131.0 26.7 00:30
General injectivity test
| 189.0 30.8 00:50
Il 280.0 450 01:30
Il 363.0 59.0 02:40
Hydrodynamic (pressure buildup) test
| 96.0 174 02:10
Pressure buildup after | step 00 19.5 01:15
Il 168.0 125 02:00
Pressure buildup after Il step 0.0 19.5 01:15
Il 240.0 43 01:00
Pressure buildup after Ill step 0.0 19.5 01:00

Czarny Potok GT-1 well

The Czarny Potok GT-1 well was drilled on the basis of a design for geological works,
pursuant to a concession for exploration and recognition of thermal water resources.
The geological work performed made it possible to determine the geological structure
of deep flysch formations within the Magura Unit in Krynica-Zdréj. At the same time,
it was also the first deep borehole (2853.3 m) drilled in that area. Unfortunately, the
goal of the works covered by the concession was not achieved. In connection with the
negative geological effect, i.e., the absence of thermal water inflow into the Czarny
Potok GT-1 well, a project for using the well as a borehole heat exchanger (BHE)
was developed. The aim of the project work carried out in 2012 by MEERI PAS in
Krakéw was to extract the Earth’s heat from the well by adapting its existing struc-
ture to the needs of a coaxial BHE. This is the first task of this type undertaken in
Poland, although analytical works related to the development of deep boreholes for
geothermal purposes have already been undertaken (Sliwa and Kotyza 2003; Gonet
et al. 2011; Sliwa et al. 2018). This deep BHE configuration has been investigated and
proven viable in various locations around Europe (Sliwa et al. 2014). These solutions
have been and are being analyzed, especially with respect to the adaptation of former
oil wells (Bauer et al. 2011, Kohl et al. 2002). BHE technology has been implemented
and operated since the 1990s, among others in Prenzlau (Germany). The decision to
implement this solution was made because the reservoir layer turned out to be almost
waterless. In addition, for various reasons, also related to rising costs of extracting
energy from oil and gas resources during the so-called energy crisis of the late 1990s,
ground heat exchangers were put into operation in other countries, e.g. in Weggis and
Bad Weisbach in Switzerland (Kohl et al. 2000; 2002) and Altheim (Austria). In Ger-
many, similar projects were carried out in Aachen (Dijkshoorn et al. 2013), in Arns-
berg (Doelling and Schulte 2010) and in Prenzlau (Schneider et al. 1996). Obtaining
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heat from the Earth by means of downhole heat exchangers is an interesting solution
also because it offers an alternative for diversifying heat supply in many areas of Ger-
many, Austria and Switzerland.

The assumptions underlying the conversion of the negative Czarny Potok GT-1 well
into a deep borehole heat exchanger included the utilization of renewable energy
from the installation in the planned recreation and sports center. The concept for the
construction of a coaxial BHE, taking into account the existing well structure (cas-
ing), and the related design assumptions were developed by MEERI PAS Division of
Renewable Energy Sources in June 2011 (Bujakowski et al. 2011). In this work, sev-
eral variants for the installation of coaxial downhole tubing have been developed,
through which the working medium was to be pumped from the outside. On the basis
of the model studies carried out, it was estimated that the best case scenario would be
around 250-300 kW of thermal power. It was assumed that the well would be devel-
oped to a depth of 2600 m and that the design of the downhole coaxial heat exchanger
would be tight—the medium (circulating water) would not come into direct contact
with the rock formation. The water was to be heated by contact with the steel casing
(Fig. 15). Water with a low mineral content was to be used as a medium to extract
heat from the rock mass.

Direct extraction of Earth’s heat by means of a coaxial borehole heat exchanger with
a closed water circuit is safe for the environment. The heat exchanger designed was to
consist of steel tubing constituting its external casing and production tubing—thin coax-
ial pipes placed in the casing. The external column in this case was to be provided by the
current structure of the Czarny Potok GT-1 well. Additional insulating medium (techni-
cal nitrogen or mineral oil, Fig. 15) was to be present between the external and internal
tubing in order to limit heat losses during water flow in the borehole. As concerns the
construction of the coaxial borehole heat exchanger, the key role was to be played by the
external column, consisting partly of the casing left in the Czarny Potok GT-1 well and
partly of a system of coaxial internal columns.

The project developed was granted a patent protection (Bujakowski et al. 2016); three
variants of technical solutions for the exchanger were presented in the patent depending
on borehole depth and structure. However, the project has not yet been implemented.

Discussion

Drilling works are the most expensive element of the geothermal plant construction. In
Polish conditions, the share of these costs is usually over 50% of the cost of the entire
plant. The costs of drilling are increasing with well depth. In Fig. 16, a summary of the
actual costs incurred for the construction of several new wells and reconstructed wells
is presented. These values are presented against the background of the expenditures
accepted for co-financing by the National Fund for Environmental Protection and Water
Management (NFEP&WM)—a state-owned institution financially supporting the imple-
mentation of drilling works. The green dashed curve plotted on Fig. 16 is based on the
NFEP&WM guidelines (NFEP&WM 2020) and was developed based on average data
from the drilling industry. Because each project is characterized by individual condi-
tions, therefore the expenditure on its implementation are verified by tenders, which is
why we observe deviations in actual costs from the NFEP&WM curve.
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Fig. 15 Schematic design of the downhole coaxial heat exchanger in the Czarny Potok GT-1 well (Bujakowski
etal.2011)

The data in Fig. 16 show that the costs of reconstruction are much lower than the
costs of drilling a new well. This is valuable, however, insufficient information to make a
reconstruction decision. The question is what is obtained for these outlays? The purpose
of the reconstruction is to obtain the maximum effect expressed mainly by the inflow of
geothermal waters with minimal costs of works and materials. To compare the effects
of the reconstruction depending on the expenditure incurred, the reconstruction cost
factor was estimated, expressed in net costs incurred for obtaining 1 m?® of geothermal
water or installed 1 kW of thermal capacity (the case of the project for the reconstruc-
tion of the Czarny Potok GT-1 well). The smaller the net cost factor, the better the drill-
ing effect. Similar calculations were performed for a new well, with the parameters of a
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Fig. 16 A summary of the actual costs of drilling and reconstructing selected geothermal wells in Poland

Table 3 Comparison of costs of carried out or planned reconstructions with the costs
of a drilling a new well (according to costs updated for 2020)

Well (depth) Reconstructed well New well in that area®
Net cost (M€) Effect Net cost Net cost (M€) Effect Net cost
obtained factor (k€/ expected factor (k€/
(m3/h) m3) (m3/h) m3)
Mszczondw 0.77 60.0 128 2.65 >150 m’/h 17.7
IG-1
(1793 m)
Poreba 042 16.1 26.1 284 10-20 m*/h 180.0
Wielka 1G-1
(2002 m)
Biaty Dunajec  1.42 3750 38 340 ca.400m*h 85
PAN-1
(2606,1 m
MD
25928 m
TVD)
Czarny Potok  0.86 250-300 kW, 3.0 (k€/kW)) 3.02 250-300 kWt 10.0 (k€/kWt)
GT-1°
(2600 m)

? Negative well (project for coaxial hole heat exchanger was designed) — drilling cost in the years 20102011 — 3.0 M€
(reconstruction project not implemented)

b Estimated values

reconstructed well. In this case, the costs were determined on the basis of known actual
costs incurred for drilling the well at a similar location and depth. The expected capaci-
ties of new wells were also estimated based on confirmed parameters obtained in neigh-
boring wells. In this way, the results for three locations where reconstruction was carried
out were compared and for the Czarny Potok GT-1 well where reconstruction works
were designed and priced but not performed (Table 3).
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In all the cases analyzed, higher values of the net cost factor of the new well were found.
The best result is shown in the reconstruction of the Poreba Wielka IG-1 well, where the
cost of reconstruction is almost 7 times less than the cost of a new well (26.1 k€/m> and
180 k€/m?, respectively). In this case, relatively small inflows of water are mainly of rec-
reational and balneotherapeutic importance, and to a small extent energetic, therefore
the profitability of making them available must be separately analyzed. Another good
example of successful reconstruction is the case of the Bialy Dunajec PAN-1 well, where
initially approved injection capacity was almost doubled at less than half of the cost of
drilling a new well. The reconstruction of the Mszczonéw 1G-1 well carried out in 2000
have a net cost factor of 12.8 k€/m?3, while drilling a new well is expected to have a net
cost factor around 18.0 k€/m?, In this case, the 60 m3/h flow rate obtained at the stage of
reconstruction turned out to be optimal and sufficient to cover the heat demand of the
city with about 5700 inhabitants. Larger outlays, which would certainly result in a much
higher flow rate of reservoir water, would result in unprofitability of the entire invest-
ment of the geothermal plant, due to the inability to sell heat.

The fourth analyzed reconstruction concerns the implementation of a deep borehole
heat exchanger in the negative Czarny Potok GT-1 well. The anticipated effects of mak-
ing a new well just for the construction of a deep borehole heat exchanger do not provide
a basis for rational operation. The effects of the reconstruction of such a well estimated
at about 300 kW of thermal power and the net cost factor—about 3.0 k€/kW indicate
some possibility of recovering expenditures incurred for the negative well. However, it
is definitely unprofitable to drill such a well with the intention of assembling a borehole

heat exchanger.

Conclusions

In Poland, 6 geothermal plants operate which generate and sell heat for district heat-
ing purposes: PEC Geotermia Podhalaniska SA, Geotermia Pyrzyce sp. z 0.0., Geoter-
mia Mazowiecka SA, Geotermia Uniejéw sp. z 0.0., Geotermia Stargard sp. z 0.0. and
Geotermia Poddebice sp. z 0.0. It is only in the geothermal system in Poddebice that
no well reconstructions have been undertaken. At the remaining plants, such works
were carried out, and in the Podhale region, Mszczonéw and Uniejéw they played
a key role in the early phase of the plants’ commissioning. At Pyrzyce and Stargard,
after a period of trouble-free operation geothermal doublets were damaged and sub-
sequently successfully repaired. Cost analysis of drilling a new well instead of well
reconstruction indicates the profitability of reconstruction, for which the net cost fac-
tor may be 2-3 times lower than in case of drilling a new well. From the above, it
follows that reconstruction measures are of considerable importance for the stable
commercial use of geothermal energy. The experience gained and the variety of meth-
odologies related to the reconstruction procedures carried out in Poland provide a
basis for a serious analysis and discussion of the possibility and expediency of devel-
oping old disused deep wells which number over 8000 in Poland.
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