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Abstract: The possibilities of using geothermal energy are slowly expanding to all areas of energy
consumption, so the assessment of geothermal potential has become the backbone of energy policies
in countries that have the potential. Countries and companies that have experience in the oil and
gas industry are increasingly exploring the possibilities of first using the acquired knowledge, and
then using the existing oil and gas infrastructure for the use of geothermal energy. For this reason,
it is necessary to analyse the possibilities of using the existing infrastructure with all its limitations
to maximise the energy potential of geothermal energy. The existing oil infrastructure, especially
the wells, is in many cases not suitable for the production of brine and it is necessary to analyse the
maximum impact of each well for the production of geothermal energy, with particular attention to
the equipment installed in the well and the thickness of the geothermal reservoir in the oil and gas
fields that would be suitable for the production of brine.
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1. Introduction

Geothermal energy has its advantages over other renewable energy sources as it is
available 24 /7, but for almost 10 years the total capacity of installed geothermal energy
has been growing slowly. According to IRENA [1], a total of 14,877 MW of geothermal
energy was installed worldwide in 2022, with an average increase of 3.31% in installed
capacity since 2013. In Europe, 1634 MW were installed in 2022, with an average growth of
1.23% compared to 2013, although there was no new installed capacity in 2022 compared
to 2021. Although geothermal energy has a local character and depends on the geological
conditions for its extraction, the growth share of geothermal energy is extremely slow.

Apart from the geological predetermination of a particular area, one of the reasons
for the slow development of geothermal energy is its high price. The cost of drilling
a geothermal well accounts for 40-50% of the total capital investment in a geothermal
project [2]. Augustine et al., 2006 [3], note that the cost of drilling geothermal wells is even
higher than the cost of drilling oil or gas wells at the same depth, as in the oil and gas
industry, the costs of geothermal exploration drilling are financed by the investor’s equity.
As the discovery risk at this stage is high and the use of equity is required to finance the
drilling, geothermal energy is not attractive to investors. There is great learning potential
in the construction of geothermal wells, especially with regard to the typical formations
that are geothermal targets. However, when the specifics of geothermal well equipment
are taken into account, they have a greater wellbore stability, but at the same time, this
means a higher capital investment [4]. In order to increase the use of geothermal energy,
especially with a view to reducing costs, countries that have already produced oil and gas
in the past are examining their geothermal energy potential on the basis of abandoned
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oil and gas wells [5]. Oil fields have the potential for low to medium geothermal energy
resources and have a wealth of data that should be used to reuse the fields and improve the
technology for extracting geothermal energy from them [6]. The knowledge gained from
the characterisation of the reservoirs, but also the political regulations in the petroleum
industry, can help to expand the use of geothermal energy [7]. Appropriate solutions are
already being applied, both in terms of regulatory possibilities and technical issues in the
conversion of oil and gas fields to geothermal energy production, and in the use of the data
provided by oil and gas activities for geothermal reservoir engineering [8-10].

In Croatia, the oil industry has a long tradition dating back to 1950, when the first
oil and gas explorations took place. Along with the o0il and gas discoveries, geothermal
potential was also discovered, but not exploited in the energy sector. After more than
60 years of continuous production in Croatia, the depletion of oil and gas reservoirs is
reaching its peak and many fields are about to be shut down. In the future, it will be
necessary to invest significant funds for decommissioning, while, on the other hand, there
is the potential for renewable energy in the form of deep and hot aquifers in old oil and
gas reservoirs. To implement the Green Deal guidelines for the successful transition from
fossil fuels to renewable energy, the use of aquifers from depleted oil and gas fields is of
best practise in this direction, especially in terms of using the findings from deep oil and
gas fields for use as renewable energy sources.

2. Materials and Methods

Geothermal energy can be used in various ways, from direct application in district
heating, greenhouse heating, industrial processing, etc., to the generation of electricity,
depending on the temperature and flow of the geothermal brine [11-14].

The conversion of oil fields into geothermal energy is the interest of many authors,
as is the methodology for finding the best scenarios for extracting geothermal energy
from aquifers and the methodology for selecting the best fields for this purpose [15-22].
Retrofitting oil wells is an idea that is gaining popularity as a possibility for using wells
with deep heat exchangers [22,23]. Davis and Michaelides [24] analysed the potential of oil
wells equipped with double-pipe heat exchangers and the use of secondary fluid as the
working fluid. In this way, the net power produced can exceed 3 MW for temperatures
at the bottom of the well of 450 K. Gharibi et al. [25] evaluates the feasibility of obtaining
geothermal energy from an abandoned oil well that has been retrofitted with a U-tube
heat exchanger and concludes that the obtained thermal energy can be used for direct
application, and even for the production of electricity in certain circumstances. An example
of using oil wells to generate geothermal energy was also presented by Wang et al. [26],
through downhole power generation using thermoelectric generation technology.

In addition to the data available from oil and gas production, the use of existing wells
lowers the cost of the future exploitation of geothermal wells. The use of abandoned oil
and gas wells for geothermal energy also presents its own challenges, primarily relating to
the selection of suitable wells, the availability of data and, above all, the integrity of the
wells [27]. Among other challenges, according to Liu, 2018 [28], oil fields as geothermal
resources are in the range of 65 to 150 °C, which belongs to the medium to low temper-
ature category according to the classifications of many authors [29], and the method of
exploitation should be adapted to the given conditions.

To classify geothermal energy, it is not enough to determine only the temperature, but
it is necessary to determine its working capacity, i.e., the possibility of producing electricity
or thermal energy [30]. According to Rybach, 2015 [31], renewable energy resources can be
divided into five categories: theoretical, technical, economic, sustainable and development
potential, which decrease in size and thus also maintain their financial framework.

The theoretical potential of geothermal water can be determined using Heat in Place,
which describes the energy contained in the solid phase and the energy contained in
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the pores or water [32-34]. In order to calculate the heat contained in rock and the heat
contained in water separately, the following expression is used:

H;=H; +Hw = (CI) Pw Cw) (Vi) (Ti - TO) + (1 - CI))(pr cr) (Vi)(Ti - TO) @

where H; is the total volumetric heat of the rock and water (J), while H; and Hy, are the
total volumetric heat contained in the rock and water, respectively (J); ¢ is the reservoir
porosity, while c is the heat capacity (kJ]/m3/°C), the index r refers to the rock and the
index w refers to the water. V; is the volume of the rock and water (m?), Ti is the initial
temperature of the reservoir (°C) and T is the initial temperature of the water (°C).

2.1. Organic Rankine Cycle

In terms of oil field temperature, the geothermal potential ranges from the low to the
medium category [28]; energy from an oil field geothermal aquifer can be generated using
an Organic Rankine Cycle (ORC). ORC power plants work on the principle of the Rankine
cycle but use organic substances as the working medium (typical working fluids are
isobutane, isopentane, R-134a and ammonia) instead of water. In the ORC, the heat coming
from the geothermal aquifer heats the working fluid, whose steam then drives the turbine,
whose rotary motion is transferred to the generator, which converts the kinetic energy into
electricity. The working fluid is cooled in the condensers and returned to the circuit in the
form of a liquid phase, and the process continues. When using ORC technology, special
attention must be paid to the selection of the working fluid, the temperature and pressure
of the condenser, the cooling medium and the choice of expander technology [35] in order
to obtain optimal plant efficiency [36,37]. ORC power plants are particularly useful in
situations where the heat sources are not strong enough to operate a classical steam power
plant using water as the working medium, as they use low- and medium-temperature
sources (<90-150 °C) [38] and are suitable for use with low and medium geothermal energy
potential. The maximum theoretical output of the ORC, without taking into account heat
transfer losses and the internal consumption of the power plant, is calculated using the
potential maximum useful work corresponding to the change in the availability of the brine
and the dead state under ambient or sink conditions [39]:

Pex = g, X (Ah —To x As) | Ty Pe; To, Py 2

Change in enthalpy:
Ah =h —hgy = cpg x (T —Tp) (3)

Change in entropy:
As:ssochgxln<;;> 4)

For constant pressure:

T
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Final equation for the power output:

AT?
Pex = qg % Cpgm (8)

where Pey is maximum theoretical power, qg is the mass fluid flow, cp is the specific heat of
the geothermal fluid, T presents site conditions and Tg out is the outlet temperature from
the binary power plant heat exchanger.

The same relation could be defined through the First and Second Laws of thermodynamics:

Tg in
Pox = qg X Cpg AT — Ty X In X MNutil 9)
g out
The Second Law efficiency (n.1) for a given process is the ratio between the real
work and the reversible work for a fictitious reversible process. For the Rankine cycle, the
efficiency can be expressed as a function of the operating conditions of the cycle as well as
the conditions of the sink and the brine temperatures:

AT X Neycle

T (10)
AT — T x In -4

Nutil =

The thermodynamic efficiency of the binary power plant (ncyqe), or the efficiency de-
scribed by the First Law of Thermodynamics, is the ratio between the net power developed
by the cycle (Pex) and the total available thermal energy from the geothermal source (Qyot)
at the surface [38]:

cpg X AT?
Pex qg X 7x Tgout AT

‘[’l = ey
oyele T 0, qg X Cpg X AT~ 2% Tg out

(11)

2.2. Well Completion

The function of the well is to provide a connection between the surface and the
reservoir in order to pump or inject fluid. The effectiveness of this connection affects the
production characteristics of the reservoir, the total production achieved and the economics.
Well completion is considered the most important operation during the life of the well. It
includes almost all operations between the development of the well and the commissioning
of the well [40]. The method of completion depends on and influences the production
and future maintenance operations simultaneously. In general, the technology used in
drilling petroleum wells and geothermal wells is very similar, with the choice of casing
used in the drilling and the subsequent completion of the geothermal wells depending
on the temperature, depth, the properties of the geothermal brine and the production
characteristics that the well must achieve [41]. When drilling wells, casing is placed in the
wellbore, considering the design and purpose of the well. The production interval can be
completed in two basic ways—as an open hole and a cased hole [42]. Open holes are most
commonly drilled in carbonate (consolidated) reservoirs. In this completion method, the
casing is laid to the top of the production interval and cemented before the production
zone is drilled through. Then, the open part of the well is drilled. A cased well means
that the entire reservoir interval is cased and then perforated. The typical completion of
oil wells in Croatia involves cased wells with a perforated production interval, where the
outer diameter of the production casing is between 5 and 5 1/2”. The typical completion
of oil wells in Croatia poses the greatest challenge to the use of the wells for geothermal
energy. Geothermal wells are typically completed in such a way that the size of the wells in
the production casing is between 13 3/8”,95/8"” and 7", while the diameters in the open
hole are between 9 5/8",7" and 5 1/2" [4,41]. Due to the high temperatures, the casing is
exposed to greater stress and must be cemented along its entire length [43].
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2.3. Economic Evaluation

Financial decisions on long-term investments are some of the most complex decisions.
An investment in long-term, real projects means an investment in fixed, tangible assets of a
company. Therefore, investments in long-term projects are considered as investments in
fixed assets that require the use of current assets. Geothermal projects represent a large
capital burden, and reducing costs in the form of investment in the construction of new
wells is an important contribution to reducing the initial investment [44,45]. The most
common method for estimating the time value of capital is the net present value. Net
present value is calculated by summing the future cash inflows, reduced to today’s costs,
over the life of the project.

NPV= T cr (12)

14+ WACC)!

where CF is the net cash inflows and outflows during the project period (t) and WACC is
the weighted average cost of capital.

The weighted average cost of capital (WACC) represents the ratio between the assets
the company is willing to invest, and the share of debt and business risk [46]. The WACC
is used to estimate the cost of capital and thus the return that an investor receives for his
investment. The capital asset pricing model (CAPM model) [47] estimates the weighted
average cost of the capital. It introduces a risk-free interest rate as a variable representing
the minimum return an investment can receive and combines it with the industry beta
coefficient and the market return. The model CAMP was introduced by Sharp in 1964 [48]
and is the basic method for estimating the cost of capital despite its shortcomings [49,50].

WACC = [( WE X e ) + (WD X l‘d)] X (1 —t) (13)

where W is the weighted value of equity, re is the cost of equity, Wp is the weighted value
of debt, rq is the cost of debt and t. is corporate tax.

te= Ty Pr X (rm — rf> (14)

where r¢ is cost of equity, 1y is the risk-free rate, ry, is the expected return and By, is the
levered beta for equity.

2.4. Selection of Mature Oil Fields for Geothermal Production

In Croatia, oil and gas are produced from 54 fields. Of these, 42 are oil fields that are
in the secondary phase of exploitation and where waterflooding is used to increase oil
production [51]. This also means that the aquifers of these oil fields are approximately at
the initial pressure level. If the temperature parameters are favourable for the extraction
of geothermal water and there is the possibility of sufficient water inflow, these aquifers
can be converted into geothermal fields and the existing infrastructure can be used for the
production of renewable energy sources. This study analyses an oil field and the possibility
of converting the oil field aquifer into a geothermal aquifer with existing oil production
from shallower, oil-saturated reservoirs.

In order to examine the possibilities of repurposing oil fields, the Beni¢anci oil field was
analysed. The field is located in the northern part of Slavonia in the Drava Depression, one
of the four depressions in the Croatian part of the Pannonian Basin [52,53]. The analysed
oil field was discovered in 1969 and production began in 1972 with 17 wells, and a total of
90 wells were drilled by the end of the 1970s. The well network is designed so that the wells
are about 500 m apart. In the initial phase, oil production took place under the influence of
the elastic energy regime, as there was no information about the influence of the aquifer.
Currently, in the analysed oil field, 25 wells are producing oil, together with 10 injection
wells, while the rest of the wells are shut-in or used as monitoring wells.
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The structure of the oil reservoir is an elongated anticline (brachyanticline) extend-
ing from east to west, about 8 km long and 1.3 km wide. The following sequences of
stratigraphic deposits were drilled—Mesozoic, Neogene and Quaternary (Figure 1). The
oil reservoir mainly belongs to Badenian dolomite-limestone breccia of the Miocene age.
The basic tectonic element of the field is a fault of reverse character, extending from the
northwest to the southeast, and three zones of normal faulting have been identified in the
western, central and eastern parts of the structure. It is considered that the oil reservoir, and
consequently the geothermal reservoir, i.e., the aquifer of the oil field, constitutes a single
hydrodynamic unit with a unique oil-water contact at —1955 m, and it is considered that
the fault is not an obstacle to fluid flow (Figure 2) [54].
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Figure 1. Schematic lithostratigraphic column of Beni¢anci oil field.
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Figure 2. Structural map of main reservoir—Benicanci field [55,56].
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The average porosity is 10% but varies from 4.6% to 14.5% due to the fracture system in
the deposit. The initial reservoir pressure was 191 bar, and the initial reservoir temperature
was 123.3 °C at the depth of —1877 m. Based on the test data, the temperature also varies
between 94 and 141.7 °C.

The aim of this work is to analyse the oil field, which is still in production, in such a
way that a selection of wells can be made that could economically generate electricity from
the geothermal aquifer of the oil field. To do this, it is first necessary to identify the wells
that are not being used for oil production, the thickness of the geothermal aquifer tapped
by these wells and the completion of each well. After a preliminary analysis of the fund of
wells, the conditions under which each well represents an economic source of geothermal
energy must be determined, i.e., the risk involved in selecting wells for the production of
geothermal energy must be determined, taking into account the current completion of the
well as a limiting factor (Figure 3).

Monte Carlo
permeability simulation

!

Iodell well productivity
based on reservoir

Well Analysis

* Depth thickness, permeability Dynamic field modelling
=  Well completion dt ¢
design and temperature ]
Econorrically viable Yes

—_—>
energy output

Well disregarded from
l No the geothermal
production

Figure 3. Workflow for the selection of suitable wells from an analysed oil field for use in geothermal
energy production.

To investigate the possibility of exploiting the deep aquifer of the oil field, an analysis
was carried out on 33 wells that have the status of being monitoring or injection wells. In
this way, the analysis of the possibility of using geothermal energy from the oil field aquifer
was approached under the assumption that the oil production from shallower reservoirs is
undisturbed, while in parallel the geothermal energy of the oil aquifer is used. During the
production of the oil, a unique contact was established at —1955 m. When selecting wells
for aquifer use, wells whose depths were below the detected absolute oil/water contact
level were selected. In this way, 31 wells were selected, of which 22 have the status of being
monitoring wells and were included in the analysis as future geothermal production wells,
and 9 wells with the status of being injection wells were considered as injection wells for
the geothermal reservoir.

In the course of production, after a significant pressure drop and the occurrence of wa-
ter in the oil production, the aquifer was confirmed, and in order to keep the pressure above
the saturation pressure, water flooding was started three years after the start of production
with the aim of keeping the reservoir pressure above the saturation pressure of 147 bar.
In the absence of data on more recent measurements of static pressure, measurements of
the injection wells below the oil-water contact level were analysed (Figure 4). Analysis of
the measurements from 2005 and 2006, when the water injection system had already been
established for more than 30 years, showed that the pressures at the analysed wells already
approached the pressures originally measured at these wells during this period. Since the
amount of produced and injected fluid was almost the same, an initial pressure gradient of
0.0961 bar/m was assumed in the analysis [54,57].
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Figure 4. Pressure gradient measurements of injection wells during oil production.

To estimate the temperature at the bottom of the reservoir, the geothermal gradient
at the bottom of all wells drilled in the oil field was calculated (Figure 5). The average
value of the geothermal gradient was 0.0567 °C/m. For the calculation of the geothermal
gradient at the depth of the reservoir, an average ambient temperature of 11.09 °C was
used, which corresponds to the average temperature for Osijek, the nearest town to the
field, for the period of 1899-2021 [58]. During exploitation, the oil-water contact was found
to be at —1.955 m, and during exploitation it was assumed that the contact was increased,
resulting in a large number of wells being waterflooded and eventually excluded from
production. For the analysis of the possibility of using the oil aquifer for geothermal energy
production, the geothermal reservoir was assumed to be at —1955 m and the thickness of
the geothermal reservoir was determined for each well from —1955 m to the depth reached
by the well. The thickness of the geothermal reservoir at each well ranged from 10 m to over
600 m. It was assumed that the entire interval did not participate in the production, but
rather a proportion of 70% per individual well, and in this way, the net reservoir thickness
of the reservoir participating in the production of geothermal water was determined. The
data used for the characterisation of the geothermal reservoir are listed in Table 1, using
the net reservoir thicknesses with an average height of 95.4 m as the baseline values.

Geothermal gradient (°C/m)
0.05 0.052 0.054 0.056 0.058 0.06 0.062 0.064
0

500

1000

Depth (m)
&
]

AR AR A AV ".'.'."“::'-S M
® °
2500

3000

Figure 5. Geothermal gradients across the oil field wells.
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Table 1. Geothermal reservoir data.

Unit
Mean geothermal reservoir depth m 2199.06
Reservoir temperature at the mean reservoir depth °C 135.78
Average reservoir thickness m 148.66
Reservoir pressure—bottom of the reservoir bar 211.31
Geothermal gradient °C/m 0.0567
Pressure gradient bar/m 0.0961

Based on the data of the average values, the Heat in Place of the geothermal aquifer of
the analysed oil field was calculated, which was 1.15 x 108 J.

2.5. Geothermal Brine Flow through Existing Well Completion

The main challenge in the commercial exploitation of geothermal energy from an
existing oil field, i.e., through equipment on an existing oil field, is the constraint imposed
by the existing well equipment. Namely, in order to reduce the cost of using geothermal
energy while utilising abandoned oil wells, it is necessary to conduct an analysis of the
existing equipment. The wells in the studied oil field were equipped for oil production
and all wells had production intervals covered with 5" to 5 1/2” casing, and production
was achieved through 2 7/8" tubing. For the purpose of geothermal water production, the
tubing was neglected and production from the casing was assumed. When designing a
geothermal field, one is interested in obtaining the highest possible flow. This is achieved
by drilling open holes or slotted liners with larger dimensions in the production interval.
The objective of this analysis was to explore the possibility of using abandoned oil wells
within the framework of existing well completion. Typical well completion is presented in
Figure 6 and was used for further brine flow analysis.

13 3/8"
200 m

9 5/8"
900 m

I cement bond

51/2"
2200 m

Figure 6. Typical well completion of oil field wells at discussed reservoir.

3. Results and Discussion

The analysis was conducted with a focus on reservoir conditions and the well’s
production capability under constrained conditions:
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the thickness of the geothermal reservoir accessed by a single well;
the permeability of the reservoir;
the gas-liquid ratio of the aquifer.

In this way, the possibility of using the existing infrastructure was analysed and the
link with the economic viability of producing geothermal energy from the existing wells
through the existing infrastructure was determined, i.e., how individual wells should be
selected for the production of geothermal energy.

3.1. Permeability Probability Distribution

A Monte Carlo modelling of the permeability values was carried out to determine the
possibility of extraction from a single well. A Beta-PERT distribution (PERT) was created to
model the value of the permeability distribution, and to determine the most likely values
and obtain a distribution that resembles the real permeability probability distribution. The
PERT distribution highlights the most likely values relative to the minimum and maximum
estimates and constructs a smooth version of the uniform or triangular distribution. The
model was constructed with 50,000 iterations. Since there is no measurement of permeabil-
ity in the geothermal reservoir itself under the current reservoir conditions, this is how the
risk distribution was constructed when selecting a well for geothermal energy extraction.
The permeability values were measured using Drill Steam Testing (DST) measurements
performed during the drilling of 21 wells in an oil field (Figure 7). Since the geothermal
reservoir belongs to the same reservoir as the oil reservoir, only in the water-saturated part,
the values were modelled in order to obtain risk-adjusted values for the modelling of the
geothermal reservoir. During the development of the oil field, several observations of the
occurrence of fractures in the reservoir were recorded in the daily reports of the wells, so
we can assume that an extremely increased permeability due to fractures could also occur
in a single well (Table 2 and Figure 8). For the purposes of the Monte Carlo modelling,
values with a high permeability of over 400 mD were excluded on the assumption that they
belonged to the flow achieved through the reservoir fractures.

Permeability (mD)
0 200 400 600 800 1000 1200

500

1000

Measured Depth (m)

1500
- °
2000 §% °®® 4 * o
L ]

2500

Figure 7. Permeability of wells determined using DST measurements.

Table 2. Permeability Monte Carlo modelling.

Median Minimum Maximum Standard Deviation

Permeability (mD) 71.62 14.50 363.22 57.54
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Figure 8. Monte Carlo permeability distribution for the geothermal reservoir.

3.2. Sensitivity Analysis of Brine Flow Considering Well Completion Constraints

In view of the completion of the wells, the production possibilities of each reservoir
in terms of thickness and permeability distribution were analysed in such a way that
the sensitivity to the potential benefit and possibility of geothermal energy production
per individual well was made in the PROSPER software package [59]. PROSPER is a
programme used to optimise wells in the oil industry. This time, the production of brine was
adjusted to assume a 99.99% water cut. The programme is used for different configurations
of wells to predict flow under reservoir conditions. For the analysis, the characteristics of
the oil field geothermal reservoir were used and the values affecting the well productivity
were varied. For the equipment, a typical oil well in the field was taken, equipped with
51/2" casing, and the production through the casing was preset. The thickness of the
reservoir as a sensitivity parameter for the selection of the wells, i.e., wells that drilled the
geothermal aquifer, is important for the selection of future wells in terms of the influence of
thickness on flow and temperature [60]. The determination of the heat transfer coefficient
is based on empirical data, and its evaluation in the modelling of the future geothermal
reservoir is a variable that influences the evaluation [61,62]. In the case of a geothermal
system, the determination of the heat transfer coefficient includes the convective heat
transfer from the surrounding rock and heat loss via conduction. The heat transfer in
the formation depends on the distribution of heat in the formation, the resistance to heat
transfer in the well (casing) and the temperature differences [63]. To estimate the value of
the heat transfer between the casing and the well and accordingly stabilise the temperature
during geothermal extraction, the heat transfer coefficient was calculated with the module
PROSPER Enthalpy Balance. The module takes into account heat transfer via conduction,
radiation, and forced and free convection. The heat transfer coefficient was calculated
using thermodynamic data stored in a user-defined database. The temperature predictions
were transient, attributing sensitivity to the flow time of the wells. Using the module, the
lithology was described and the production data obtained by modelling the flow through
the well were tested, and the heat transfer coefficient for the well was determined using the
modelled data. Since the geothermal reservoir is in carbonates, it was assumed that there
was a dissolved gas in the reservoir, mainly CO,. The assumption that CO; is present in
carbonate reservoirs results from the thermal decomposition of the carbonates, resulting
in CO; presence [64], which is confirmed by data from other geothermal reservoirs [65].
Assuming the presence of CO; in the reservoir, the sensitivity to dissolved CO, in the brine
was modelled in amounts of 1, 3, 5, 7 and 10 m3/m3 (Figure 9a-t).
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Figure 9. Distribution of the flow probability as a function of the thickness of the reservoir and the

proportion of dissolved gas in the brine; (a) reservoir thickness, 7.3 m; (b) reservoir thickness, 11.6 m;

(c) reservoir thickness, 14.7 m; (d) reservoir thickness, 18.1 m; (e) reservoir thickness, 19.6 m; (f) reservoir
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thickness, 21.5 m; (g) reservoir thickness, 33.8 m; (h) reservoir thickness, 34.4 m; (i) reservoir thickness,
36.7 m; (j) reservoir thickness, 55.6 m; (k) reservoir thickness, 57.1 m; (1) reservoir thickness, 79 m;
(m) reservoir thickness, 101.6 m; (n) reservoir thickness, 108 m; (o) reservoir thickness, 112.1 m;

(p) reservoir thickness, 115 m; (q) reservoir thickness, 124.2 m; (r) reservoir thickness, 128.2 m;
(s) reservoir thickness, 202.6 m; (t) reservoir thickness, 405 m.

The influence of dissolved gas in the brine is the factor with the greatest uncertainty
when it is at a measurement of 1 m®/m3 and the risk of low permeability distribution in the
well is at 50% (Figure 10). The dissolved gas affects the flow rate and, accordingly, the heat
transfer in the well, leading to the rejection of wells with poor permeability characteristics
due to low flow rates. Reservoir thickness is a limiting factor in achieving stable wellhead
temperature and, accordingly, a risk factor in selecting wells for future geothermal brine
production. Temperature stabilisation begins with reservoirs whose thickness exceeds
55 m.
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Figure 10. Influence of the gas dissolved in the brine on temperature and flow rate in the well (a) GLR-
1 m3/m3; (b) GLR-1 m®/m?; (¢) GLR-3 m®/m?; (d) GLR-3 m®/m?; (e) GLR-5 m®/m?; (f) GLR-5
m3/m3; (g) GLR-7 m3/m3; (h) GLR-7 m3/m?3; (i) GLR-10 m3/m3; (j) GLR-10 m3/m?3.
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3.3. Assessment of the Techno-Economic Potential on a Well Basis

In order to make a selection of wells suitable for the future production of geothermal
energy, it is necessary to determine economic parameters that meet economically acceptable
criteria. The creation of an economic model of one well is a conservative approach to
selection and as such represents a lower risk for future production from several selected
wells, together, of course, with a macroeconomic analysis of the economic acceptability of
production from the entire field. To determine the output that a single well can produce at
a given wellhead temperature and flow rate, the open-source geothermal techno-economic
simulator GEOPHIRES v2.0 was used [66]. The programme is used to calculate the current
energy production and lifetime energy production, as well as the total levelized energy
costs of a geothermal system. It combines reservoir, well and surface plant models, as well
as economic and cost models and correlations, to estimate capital costs as well as operation
and maintenance costs. The capital and operating costs for the different components of
a geothermal system (exploration, well, surface plant) are calculated using integrated
correlations. The programme has six possible models built in. For the calculation of
power and costs at the level of a single well, a model is used that assumes a hydrothermal
reservoir and subcritical ORC power generation. For the calculation of the potential output
power, the values for temperature and flow, determined via the sensitivity analysis, were
used, while for the economic analysis, the values for the capital and operating costs were
used, and the costs of creating new wells were ignored. Considering the proposed cost
of capital, the WACC was calculated based on the assumption of dynamic equity and the
debt ratio [67,68]. Namely, it was assumed that in the initial phase, due to the high risk of
achieving positive effects of the project, the share of equity was 100%, and that, over time,
the share of equity would decrease in favour of debt. According to the CAPM method,
the ratio of debt to equity affects the final WACC value. For the economic analysis, an
average WACC value of 6.30% over 30 years of geothermal energy production was assumed
(Figure 11).
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Figure 11. Weighted average cost of capital distribution for geothermal energy production.

The economic analysis determined the range of the possible values of the energy
produced and the NPV of a single well. The economically acceptable threshold was
determined to be the value of energy produced by a single well that first achieved a positive
NPV (Table 3). In this way, the value of the least acceptable produced energy per single well
was determined, which was 0.44 MW for a flow rate of 20 L/s and a wellhead temperature
of 130 °C (Figure 12).
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Table 3. Calculation of the potential output power.

Production Rate

Max. Production

Max. Electricity

Increase in
Production Rate

Increase in Max.
Production

Increase in
Electricity

(Lfs) Temperature (°C)  Generation (MW) (%) Temperature (%) Generation (%)
17 129.40 0.37
18 129.60 0.39 5.56% 0.15% 5.13%
19 129.80 0.41 5.26% 0.15% 4.88%
20 130.00 0.44 5.00% 0.15% 6.82%
21 130.10 0.46 4.76% 0.08% 4.35%
22 130.20 0.48 4.55% 0.08% 4.17%
23 130.40 0.51 4.35% 0.15% 5.88%
24 130.50 0.53 417% 0.08% 3.77%
700,000
600,000
500,000 Eletricity generation 0.37 MW
iggjggg Eletricity generation 0.39 MW
200,000 Eletricity generation 0.41 MW
100,000 Eletricity generation 0.44 MW
= 0
8 100,000 Eletricity generation 0.46 MW
E -200,000 Eletricity generation 0.48 MW
Z  -300,000
~400,000 Eletricity generation 0.51 MW
-500,000 Eletricity generation 0.53 MW
-600,000
-700,000
-800,000
-900,000
-1,000,000
0.35 0.40 0.45 0.50 0.55

Eletricity generation (MW)

Figure 12. Economic analysis of the potential energy output per individual well.

Based on the limit of the economic viability of geothermal energy production per
well, a limit was established for the acceptable values of flow rate and well temperature,
at which an energy production of 0.44 MW or more was achieved. In this way, a matrix
of values for different amounts of dissolved gas and brine was created [69]. Based on the
minimum economic viability per well, a project success/failure curve was created, i.e.,
the temperature and flow rate values at which sufficient performance was achieved for
economic viability. The determination of the techno-economic conditions for the selection
of wells for the production of geothermal energy involved the sensitivity analysis of the
flow rate and temperature achieved, which correspond to the economic cut-off at 50% risk
conditions, using the permeability distribution as a risk factor. The sensitivity analysis
made it possible to determine the economic profitability of each option under the conditions
of different GLRs that can be achieved in the reservoir. Considering the risk distribution as
a function of permeability, the conditions under which economic production per well is
achieved and the risk is 50% at a gas-liquid ratio of 1 m®/m? are only achieved in reservoirs
with a net thickness greater than 55.6 m. As the gas-liquid ratio increases, this limit shifts
to the net thickness of the reservoir of 36.7 m at a GLR of 3 m3/m?, and in a reservoir with a
thickness of less than 21.5 m, there are conditions where the techno-economic conditions for
selecting a well are not met even at a GLR of 10 m*/m?>. From the distribution of the risks
for the production of geothermal energy, it can be concluded that the wells whose thickness
of the geothermal reservoir, i.e., the net thickness of the reservoir at a single well, is less
than 55.6 m should be excluded from further analysis, as their consideration only includes
extraction with a higher probability risk associated with the permeability distribution. In
this way, a uniform risk in the production of geothermal energy is ensured for all cases of
dissolved gas in the brine. Figure 13 shows the achieved ratios of flow and temperature
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at the wellhead, at different GLR ratios, simulated using PROSPER in relation to the limit
of acceptability of these ratios in relation to the success/failure curve modelled via the
sensitivity analysis of the economic parameters. For the further analysis of acceptable wells
for geothermal production, the thickness of the reservoir was set to a minimum of 55 m.
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Figure 13. Economic profitability per well based on the flow rate achieved and the wellhead tempera-
ture. (a) GLR-1 m3/m?3; (b) GLR-5 m3/m3; (¢) GLR-10 m3/m?.

3.4. Reservoir Simulation

A simulation model was created to provide insight into the total energy produced
throughout the field by applying the model of individual well selection based on techno-
economic characteristics. Furthermore, the model provided insight into the possibilities
of interaction, i.e., the additional selection of wells with regard to their existing location.
The TOUGH?2 simulator was used to create the model. TOUGH2 is a numerical simulator
for non-isothermal flows of multicomponent, multiphase fluids in one-, two- and three-
dimensional porous and fractured media [70]. TOUGH2-EOS1 was used for the modelling
as the simple geological modelling was approached via Petrasim, an auxiliary tool when
using TOUGHZ2, as the analysis did not include the detailed geological modelling of the
field or the detailed distribution of the reservoir properties.

The algorithmic model covered the entire area of about 50 km?. A polygonal grid was
used to model the grid block, with cells of a maximum size of 1 x 10° m? and a refinement
around the wells of 5000 m?. According to the geological setting of the field, the model was
divided into seven layers corresponding to seven lithological units, each with physical rock
properties corresponding to the lithological unit and the depth of the unit. The rock density
values were determined via correlation for the Drava Depression [71,72], and based on this,



Energies 2023, 16, 6599

22 of 27

the heat conductivity and specific heat were determined for each layer, i.e., the bed of the
model. The parameters were evenly distributed across each layer.

The initial conditions for the model were based on the initial conditions of the oil field
(Table 1), where the geothermal gradient was determined as 0.0567 °C/m and the pressure
gradient as —0.0961 bar/m. The upper pressure limit was set at 2 bar, which corresponded
to the well flow analysis, while the top boundary temperature was set at 11.09 °C [58].
The geothermal reservoir was defined from the oil-water contact at an absolute depth
of 1955 m to a final depth of 2850 m. By analysing the behaviour of the temperature
inside the observed geothermal reservoir when applying the geothermal gradient, it was
shown that the temperature inside the reservoir varies due to the large difference in the
depth of the reservoir in the simulated model. Assuming convection conditions within the
geothermal reservoir, and in order to bring the results closer to the conditions simulated via
the well flow analysis, a constant temperature of 135.78 °C was assumed in the geothermal
reservoir, which was determined as the mean temperature of the geothermal reservoir.
The permeability of the geothermal reservoir was 71.62 mD, which corresponded to the
sensitivity analysis of permeability, with a probability of 50%. The bottom boundary was
defined with a constant temperature of 141.7 °C, the highest temperature measured at the
bottom of the well at a depth of 2956 m. The simulation time was set to 30 years.

The numerical simulation of a geothermal reservoir is an essential element of the
assessment of geothermal potential and involves numerous parameters that define ther-
modynamic and hydrodynamic relationships [73-76]. Due to the simplicity of the model,
some of the parameters in the model were ignored and the model was a simplified version
of the geothermal potential of a whole field based on a techno-economic well selection.
The aim of the numerical simulation was to study the production from the geothermal
reservoir using data obtained through the techno-economic analytical modelling, applying
the results of the permeability distribution corresponding to the 50% risk distribution.
Since the techno-economic analysis concluded that, with a risk distribution of 50%, wells
should be taken where the net thickness of the geothermal reservoir is more than 55 m, 12
of the total 22 wells analysed met the techno-economic conditions for inclusion in the field
model. After building the model and analysing the well locations, two production wells
(monitoring wells) were excluded from the model because they were located near wells
whose depth of penetration into the reservoir and thus production characteristics were
more favourable. Given the conditions, two scenarios were created in which the injection
parameters were varied. In Scenario 1, ten wells were involved as production wells with a
total production of 387.49 L/s, while seven wells were involved as injection wells, and the
injection was evenly distributed among the wells and was 55.35 L/s per well, while the
enthalpy of the injected brine corresponded to a temperature of 60 °C. The injection wells
have open perforations for injection from the shallowest depth of 1975 m to the deepest
depth reached by the well, which is —2460 m. To analyse the impact of injection on the
total potentially recoverable energy, Scenario 2 simulated production with 10 production
wells at the same production rate as Scenario 1, but the injection was simulated through
four wells and the injected brine was simulated to the deeper parts of the reservoir. In this
way, the shallowest injection well was set to a depth of —2199 m.

The simulation of the reservoir conditions in Scenario 1 showed that the cold front
intrusion covered a larger part of the reservoir (Figure 14a,b), while the total field energy
in the first year of production was 230.011 x 10° J/s, while the field energy decreased
to 221.346 x 10° J/s after 30 years of production. In Scenario 2, which simulated water
intrusion into the deeper part of the reservoir through fewer wells, the cold front intrusion
covered a smaller part of the reservoir, i.e., the distribution of the cold front was less
dominant around the injection wells themselves. The distribution of the cold front had
an impact on the total energy of the field. The first year of production resulted in the
same field energy as Scenario 1, while the total energy after 30 years of production was
221.456 x 10°]/s (Figure 15a,b). The comparison of Scenarios 1 and 2 shows that the total
energy of the reservoir is influenced by the injection depth, notwithstanding the fact that,
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in Scenario 2, a higher flow through the injection wells had to be simulated. Furthermore,
the energy potential of the reservoir decreased by 3.767% in Scenario 1, while the energy
in Scenario 2 decreased by 3.719% over a period of 30 years, which in total influence the
economic viability of the geothermal potential.

(b)

Figure 14. Cold front distribution in Scenario 1 after 30 years of production ((a) front view; (b) side view).

@

(b)

Figure 15. Cold front distribution in Scenario 2 after 30 years of production ((a) front view; (b) side view).
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4. Conclusions

The conversion of oil fields into geothermal energy is a topic of great interest and
therefore attracts much attention. The knowledge acquired in the exploration and ex-
ploitation of hydrocarbons, and especially the infrastructure, become valuable assets in the
use of geothermal energy. Since conversion mainly involves low- and medium-enthalpy
geothermal aquifers, the available resources must be optimally utilised. When we talk
about the conversion of hydrocarbon fields into geothermal energy, a clear plan to analyse
numerous parameters is required to maximise the production of geothermal energy. Apart
from the condition of the reservoir, i.e., the parameters of pressure, permeability, porosity
and temperature, the completion of the wells is one of the main difficulties in converting oil
wells into geothermal energy wells. When analysing the technical conditions that enable
the flow, it was concluded that the reservoir cannot develop its full potential due to the
limitations in the well completion, so due attention must be paid to the modelling of the
reservoir, that is, the net thickness of the reservoir that will participate in the future produc-
tion of geothermal brine. Therefore, for low- to medium-enthalpy geothermal reservoirs
such as those presented in this paper, the focus of the analysis must be on the potential flow
through the casing. Flow, in addition to well temperature, affects the economic valuation
of a project, because if flow increases by only 5%, geothermal production through a single
well increases by 6.82%, so the well reaches an economic cut-off, i.e., the conversion of oil
in the well receives its economic value. Besides the individual analysis of each well and the
selection of the best candidates, only the simulation of the geothermal production of the
whole field provides information about the interaction of production and injection wells,
and the energy potential of the reservoir. The conversion of oil fields to geothermal fields
is a complex problem, both in terms of reservoir parameters and well completion, and in
terms of the overall economic effect of the whole field, which is influenced by the behaviour
of the reservoir in terms of well doublet placement and the possibility of reaching more
favourable parts of the reservoir. The economic analysis for the whole field should be
confronted with the analysis of the costs of abandoning the oil field and reducing CO,
emissions. Only in this respect would the profitability of the project be comparable to the
benefits of the transformation. Therefore, further studies should be conducted to assess the
contribution of such transformations to the green transition.
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