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Abstract
An innovative methodology is introduced to study abandoned oil exploration drillings for possible geothermal energy pro-
duction at a test area in northeast Hungary. An evaluation method supported by robust statistical analysis was elaborated to 
provide the possible future investors with adequate technical and earth-science related information for their decision-making 
processes. All the available data of 161 abandoned hydrocarbon wells, with different physical conditions, were examined 
based on the proposed evaluation system to provide information about the geothermal energy potential for each well, as well 
as over a bigger area. The abandoned wells and their environments, the quantity of stored heat, and the fluid temperature 
and geothermal heat were the key parameters determined, which are critical when considering geothermal energy utilization 
or thermal water production. The maximum amount of stored energy was determined as the sum of the amount of energy 
extractable from the rock and the fluid. The heat stored in the rock was determined by basin modelling. The evaluation pro-
cess, using one-dimensional (1D) basin modelling and 3D lithological-stratigraphic modelling, was successfully applied in 
the pilot area. The maximum amount of heat stored in the fluid can be determined by subtracting the heat stored in the rock 
from the total heat. Drilling and completing geothermal wells are rather expensive in Hungary, depending on the depth and 
the types of geological formations. The application of this research could greatly reduce the cost and risk of creating new 
geothermal energy systems based on production wells or abandoned wells in Hungary or elsewhere.
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Introduction

There are natural geothermal conditions in the whole 
Carpathian Basin, which includes territory in Hungary 
(Boldizsár 1967). Szűcs and Madarász (2013) describe the 
major challenges associated with the utilization of the Hun-
garian deep thermal water resources and geothermal energy. 
The petroleum industry and the intense exploration activity 
since the 1960s have been providing a lot of geoscience-
related information about the deep geological formations 

and the heat flow properties that facilitate the utilization of 
geothermal energy in Hungary (Szanyi and Kovács 2010). 
It is also important to mention that, due to the intense petro-
leum exploration campaign over several decades, there are 
thousands of abandoned wells with different technical condi-
tions in the country (Buday et al. 2015). In 2016, the Uni-
versity of Miskolc (Hungary) initiated the so-called PULSE 
national research project, for which the main objectives aim 
to meet the targets given by the National Energy Strategy 
(MND 2012). As part of the project, the possibility of active 
utilization of unproductive and abandoned wells was studied. 
At the beginning of the research, a special database of the 
unproductive and abandoned hydrocarbon extraction wells 
in Hungary was built and a suitable method was developed 
to find possible uses for these wells in the field of geothermal 
energy utilization.

The general concept of utilization of hydrocarbon 
wells for geothermal energy seems feasible because of the 
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naturally (high) temperature range (65–150 °C) of the pro-
duced fluids in the oil fields (Davis and Michaelides 2009; 
Kai et al. 2018; Liu et al. 2018; Templeton et al. 2014). In 
spite of there being a clear theoretical advantage to this use 
of hydrocarbon wells, only a few good examples are known 
internationally. Several geothermal power plants have been 
installed in oil fields across the world, using binary cycle 
systems, making the direct utilization of geothermal energy 
from petroleum wells a very promising research topic (Xian-
biao et al. 2012). Two recent papers—Wang et al. (2018); 
Liu et al. (2018)—give several examples of facilities that 
are being operated already. In Hungary, the first large-scale 
research program dealing with the utilization of abandoned 
oil wells to produce electricity was launched in 1995 by 
the biggest national oil company (Árpási et al. 1997). As a 
continuation of this project, the first pilot geothermal power 
plant was to be installed in Iklódbördőce, Zala County, West 
Hungary. This important pilot project included the modifica-
tion of two abandoned hydrocarbon extraction wells (Bobok 
and Tóth 2007)—one for the thermal water extraction and 
one for the reinjection process. Unfortunately, because of the 
low thermal water yield, the project was not completed (Tóth 
2017). In this paper, a similar but much more complex study 
is undertaken in order to determine the geothermal energy 
potential of the investigated wells in a promising new area 
in the Bükk Mountains region, northeast Hungary.

Materials and Methods

Geothermal conditions in North Hungary

The two major geographic landscapes in northeast Hungary 
are the North Hungarian Mountains (NHM) and the Great 
Hungarian Plane (GHP) (Szűcs 2017). The pre-Neogene 
basement is covered by sediments in the GHP with depths 
reaching 7000 m. However, in the NHM, the pre-Neogene, 
pre-Cenozoic rocks are outcropping and form parts of the 
mountain range. Miocene volcanic rocks are the most wide-
spread in mountainous areas. The geology of the great plain 
region and the mountainous area is rather complex (Haás 
2013). The basement formations include a variety of Meso-
zoic (carbonates, shallow and deep-sea sediments), Paleo-
zoic (siliciclastic and metamorphic rocks) and older (mainly 
metamorphic) rocks. Unfortunately, the basement rocks are 
still unidentified in large areas. The southeast border of this 
region overlaps the Mid-Hungarian fault zone, which divides 
the Alcapa and the Tiszia plates. Another significant tectonic 
feature, the Darnó zone (SW–NE), runs through the area at 
the northwest border of the Bükk Mountains. The Cenozoic 
sediments in the basement have a wide range of thicknesses. 
The deepest part of the basement can reach more than 5,000 
m in the region.

The pilot area was delineated (Fig. 1) based on prelimi-
nary evaluations. The thickness of Neogene sediments in the 
pilot area increases significantly from northwest to south-
east, the bottom of it reaching 4,500 m below the sea level 
and in some areas even below 5,000 m. The central area 
is characterized by a series of depressions (at a depth of 
3,000–3,500 m). The Neogene sediments are mainly com-
posed of river sediments (e.g., gravel, sand, clay, loess).

Miocene acidic tuffs (rhyolite, dacite and rhyodacite 
rocks) are present on the surface of the investigated area 
(Pelikán 2005). Broadly speaking, Hungary can be charac-
terized by a naturally high geothermal gradient (ca. 50 °C/
km) due to the relatively thin crust under the area of the 
country. The spatial distribution of the geothermal gradi-
ent values reflects well the geologic structure of Hungary. 
The investigated area is characterized by high geothermal 
gradient values between 55 and 70 °C/km. The heat-flow 
values at the investigated area vary between 75 and 105 mW/
m2, which can also be considered suitable for geothermal 
energy exploitation. The rock temperature under such con-
ditions may range between 60 and 75 °C at 1,000 m depth 
and 100–125 °C at 2,000 m depth (Dövényi et al. 1983). 
Although a few wells had been drilled at the beginning of 
the 20th century, the large-scale exploration activity was not 
started until the 1950s. The majority of the completed wells 
are hydrocarbon exploration wells. Exploration specifically 
for thermal water resources increased from the middle of the 
last century but has expanded greatly in the last two decades 
(Miklós et al. 2020).

Building a database of the investigated area

The first step of the conducted research involved the collec-
tion of data and the building of a database of the abandoned 
and unproductive hydrocarbon wells at the test site that have 
theoretical potential for geothermal energy use. The database 
included three main sources:

• A geothermal survey of Hungary (Tóth 2016)
• A database of unproductive hydrocarbon wells for the 

Bükk Mountains region developed from the original 
drilling and testing reports

• A cadaster of Hungarian thermal water wells (VITUKI 
1994; MFGI 2015)

The geothermal survey of Hungary summarizes the basic 
data (i.e., name, identification code, coordinates, depth and 
year of construction, bottom of the hole and wellhead tem-
perature) of nearly 2,000 thermal water wells located across 
the country. Around 1,500 wells were originally drilled for 
geothermal energy utilization and the others were completed 
for hydrocarbon exploration or extraction. All of them can 
be considered to have potential for geothermal use. The 
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database of these wells contains detailed descriptions (e.g., 
geological profiles, cover and filtration, screen position, flow 
rate and water level). The Cadaster of Hungarian Thermal 
Water Wells is a kind of book series edited by the former 
Hungarian Mining and Geological Survey (MBFSZ). (From 
2022, the Institute falls under the Supervisory Authority for 
Organized Activities.) It possesses important details of every 
thermal water well drilled in Hungary, with certain volumes 
being supplemented by well logging datasets.

A requirement of the created database is that it includes every 
useful piece of data about the structure and condition of the well, 
the geological environment, the hydrogeological properties, 
technical parameters, testing results and temperature regimes. 
The database includes highly detailed data for the selected test 
area in northeast Hungary. The delineation of the investigated 
area was based on geologic considerations connected to former 
petroleum explorations and on existing analysis of demands on 
geothermal energy. The methodology that was developed as part 
of the study in this area may be applicable to the investigation 

of other areas. After the first stage of database building, the 
already available information was used for a detailed geother-
mal characterization of the area of interest. A map of the depth 
and thickness of the geological formations has been created. The 
most important results are the temperature distribution maps for 
different depths and different geologic units; an example corre-
sponding to the investigated area is presented in Fig. 2. Different 
researchers worked with different algorithms to generate differ-
ent resolutions (Békési et al. 2017; Dövényi et al. 1983) and this 
study obtained similar temperature distributions in similar depth 
ranges. By increasing the depth or distance from the karstic bod-
ies of Bükk Mountains, the temperature becomes higher.

Web‑based data management

A geoinformation system has been developed for manag-
ing the scanned documents of the investigated wells. The 
achievement of the main objectives required the collection 
and analysis of a large dataset. The sources of the most 

Fig. 1  Geographical location and geological map of northeast Hun-
gary (MBFSZ 2017). The area delimited by the dashed black line 
shows the selected test site, black dots represent the nonequidistantly 
distributed investigated wells. The circle indicates the 3D modelled 

location site (see section ‘Results’). Profile AA′ and BB′ show the 2D 
cross-section lines of the predicted specific geothermal energy (sec-
tion ‘Discussion’)
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important data were the documentation of numerous wells 
drilled over the investigated test area during the last 70 years. 
Each of these wells has its own folder, which includes all the 
documents generated in relation to the well during its life-
time. The folders of the wells, in their paper-based formats, 
are stored and managed by the national data repository of 
Hungary. In fact, scans of the necessary documents in the 
appropriate folders were purchased for the study. In order 
to facilitate browsing and searching functions, a web-based 
system centered on the documents was designed.

The most important information contained in those docu-
ments that typically appear on the web pages of the investi-
gated wells (and their number) includes the following:

• Geological and technical plans of the wells (130 docu-
ments)

• Daily geological and drilling reports (1,637 documents)
• Plans of drill stem tests (86 documents)
• Reports on the results of drill stem tests (435 documents)
• Reports on the analysis of fluid samples (87 documents)
• Scanned open-hole wireline logs (1,009 documents)
• Final report on the different operations, e.g., drilling, cor-

ing, well logging, casing, testing (76 documents)
• Other documents and web links (1,075 documents)

 The schematic structure of the developed geoinformation 
system is shown in Fig. 3.

Geothermal potential estimation method

The overall cost of high-resolution geological exploration is 
generally high (Turai-Vurom 2013). In many cases, however, 
the cost and time requirements of the required geological 
exploration cannot be estimated easily. It is also difficult, 
for the purposes of the potential investors, to numerically 
express the geothermal potential of an investigated area. In 
this paper, a quick evaluation method is presented using only 
existing infrastructure and geological information to provide 
relevant information for potential investors.

To assess the potential use of the investigated wells for 
geothermal energy production, an innovative and easy-to-
use experimental method is described in the following. The 
multiple evaluation methods are applicable to estimate the 
geothermal energy potential for a certain well. For each well, 
the most important evaluation parameter is weighted by 1–5 
points (1 point = weak, 5 points = excellent). Based on the 
obtained values, the potential for the use of an investigated 
area for geothermal energy production can be divided into 
three groups:

Fig. 2  Temperature distribution 
maps for different depth inter-
vals at the investigated area, 
Bükk Mountains, northeast 
Hungary
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• Evaluation result <3.0 (geothermal use is not recom-
mended)

• 3.0 ≤ evaluation result <4.0 (geothermal use is recom-
mended)

• 4.0 ≤ evaluation result ≤ 5.0 (geothermal use is strongly 
recommended)

Consider an example involving well DEP-37 (Demjén 
Pentecostal) in the investigated area. The names of the eight 
different studied geological and infrastructure parameters in 
the proposed evaluation system and the qualification of the 
well are indicated in Table 1. The main score can be first 
approximated by the mean of the individual points. How-
ever, this approach gives equal weight to each of the points. 
To give a more robust estimate, the use of the most frequent 
value (MFV) method is recommended, which calculates the 
weighted average of the evaluation points in a statistically 
highly efficient algorithm (Steiner 1988, 1991; Szűcs et al. 

2006; Szabó et al. 2018). The MFV is calculated from the 
following implicit formula:

where xi is the i-th evaluation value, ε is called a dihesion 
and it represents the scale parameter of the Cauchy-type 
weight function �2∕[�2 + (x −MFV)2] . If one cannot decide 
the relative importance of the individual scores, the MFV 
algorithm weights them automatically in an iterative process 
to give an optimal solution. The value of MFV is estimated 
in a recursive algorithm as it is found on both sides of Eq. 
(1), meanwhile the dihesion is also automatically updated. 
The advantage of the aforementioned method is that the 
MFV is found independently of the statistical distribution 

(1)MFV =

n
∑

i=1

x
i

�2

�2+(xi−MFV)
2

n
∑

i=1

�2

�2+(xi−MFV)
2

Fig. 3  The schematic structure 
and working principle of the 
developed geoinformation sys-
tem. Legend: (1) request for an 
HTML page (which displays the 
list of documents belonging to 
a well), (2) sending the HTML 
page, (3) request for a file (a 
scanned document selected 
from the list of documents), (4) 
sending the required file

Table 1  The proposed evaluation method applied to well DEP-37, Bükk Mountains, northeast Hungary

a Total distance of infrastructure is the sum of distances from the closest public road, electric grid and the closest settlement

Parameter No. Evaluation parameter Scale Value Point (x)

1 Year of drilling (1) 1970, (2) 1971–1980, (3) 1981–1990, (4) 
1991–2000, (5) >2000

1986 3

2 Well function (1) technically eliminated, recultivated, (2) tech-
nically eliminated, (3) secured with cement 
plug, (4) designed for oil production, (5) water 
production, water repellant, gas production

Designed for 
oil produc-
tion

4

3 Fluid volume  [m3/day] (1) 1–20 (2) 21–40, (3) 41–100, (4) 101–500, 
(5) >500

87.7 3

4 Average fluid temperature [°C] (1) 4–20, (2) 21–40, (3) 41–70, (4) 71–100, (5) 
>100

33.8 2

5 Geothermal energy [MJ/d] from the pore-fluid (1) 0–0.5, (2) 0.5–1, (3) 1–5, (4) 5–10, (5) >10 12.3 5
6 Maximum specific (average) geothermal energy 

(MJ) that can be extracted from the 1-m envi-
ronment of the well

(1) 0–100; (2) 101–200; (3) 201–400; (4) 
401–800, (5) >800

321.1 3

7 Total length of screen section [m] (1) 1–20, (2) 21–40, (3) 41–70, (4) 71–100, (5) 
>100

16.5 3

8 Total distance of infrastructure  [km]a (5) 0–5, (4) 5–10, (3) 10–20, (2) 20–30, (1) >30 4.26 5
MFV = 3.0
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of input data (e.g., for non-Gaussian distributed data or in 
the presence of outliers). By applying Eq. (1), the robust 
algorithm runs over 15 iterations and gives MFV = 3.00 and 
ε = 3·10–3. On the spider chart in Fig. 4, besides the serial 
number and value of the specific parameters, the MFV of 
the parameters is shown with a dashed line and also with a 
number in the middle supporting the simple interpretation 
process. However, the general geothermal parameters are 
relatively good, but the present technical condition of the 
investigated well is quite poor. As a result, the geothermal 
use of the given well is to be considered.

Basin modelling

Integrated basin and petroleum system modelling are used 
to understand and reconstruct the geological and thermal 
evolution of a sedimentary basin, using mathematical 
approaches to derive the history of generation, migration, 
and accumulation of petroleum (Ungerer et al. 1990). Doing 
so, porosity, permeability and thermal properties of the basin 
are modeled (Hantschel and Kauerauf 2009). In the case of 
missing data or data that are old, suspect or undetermined, 
the integrated basin modelling method might be a tool to 
predict necessary information for geothermal resource 
assessment (Nelskamp and Verweij 2013). In the absence 
of seismic information, and other basic petrophysical val-
ues or fault databases, a one-dimensional (1D) basin mod-
elling approach was first applied to the formerly defined 20 
sediment layers as thermal units, well by well, during which 

stress and heat flow vectors were assumed to be horizontal. 
From these results, a 3D approximate model of the investi-
gated Eger-Demjén region was created. Supposing that the 
investigated layers are roughly subhorizontal, instead of a 
real 3D kriging method, a 2.5D horizontally biased kriging 
algorithm was applied (Nash et al. 1988).

In the truncated workflow of the integrated basin and 
petroleum system modelling, the assignment of geological 
events, such as sedimentation, erosion and hiatus, was the 
first step, followed by the pressure and compaction calcula-
tion. In this phase, as new sedimentary layers started cov-
ering the formerly settled ones, because of the weight of 
the subsequent sedimentary material, porosity decrease was 
calculated by a compaction law (Hantschel and Kauerauf 
2009) based on the widely used Terzaghi’s effective stress 
definition (Osipov 2015)

and

where φ is the porosity (between 0 and 1) of a given sedi-
mentary layer, t is time (My) from the beginning of the sedi-
mentation process, CT is Terzaghi’s compressibility factor, 
which is decreasing during compaction, σ′z is the vertical 
component of the effective stress (MPa), pl is the load pres-
sure of the overburden sediment (MPa), p is pore pressure 

(2)��

�t
= −C

T

��
�

z

�t

(3)��
z
= p

1
− p

Fig. 4  Distribution of the 
parameters examined for geo-
thermal potential evaluation in 
well DEP-37, Bükk Mountains, 
northeast Hungary. The most 
frequent value of the parameters 
is indicated in the middle. Axes 
are defined according to param-
eter numbers in Table 1
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(MPa). The third crucial phase was heat flow analyses, in 
the pursuance of which one must build up a crustal model to 
calculate the amount of heat flowing into the sediments; then 
one must calculate the temperature in the sediment body, 
layer after layer. It is a thermal boundary value problem

where q is heat flow (mW/m2) between two boundary lay-
ers with different temperatures, λb is the bulk thermal con-
ductivity of the layers (W/mK), Tb is the base lithosphere 
temperature (m), Tswi is the sediment–water interface (SWI) 
temperature (K), hl is the thickness of the lithosphere (m) 
(Hantschel and Kauerauf 2009). In Eq. (5), indices m, c and 
s refer to the mantle, crust and sediment part of the thick-
nesses (m) and thermal conductivities (W/mK), which can 
be used to express

During the computational process, the heat flow equation 
was applied layer by layer in the sequence of the subsequent 
geologic layer creation processes. The heat flow from the 
base or from the formerly settled layer boundary was not 
constant because of the differences in radioactive element 
content (Rybach 1973)

where Qr is the radioactivity produced heat flow (μW/m3), 
ρr is the rock density (kg/m3), and U, Th and K are the con-
centrations of uranium (ppm), thorium (ppm), and potassium 
(%) of the layers, respectively. Pore fluids do not generate 
radioactive heat; this way the increase of vertical heat flow 
(Δq) is

where h is the thickness of the layer (m). The basin evolution 
has a time dimension. Deposition and erosion events, and 
basal and SWI temperature changes cause transient states. 
The nonsteady 1D temperature distribution along a vertically 
directed coordinate axis z can be described by the following 
differential equation (Hantschel and Kauerauf 2009)

where c and ρ are bulk heat capacity (J/kgK) and density 
(kg/m3), T is the temperature of the sediment (K), t is the 
time. As sedimentary layers deposit through time, their 
weight starts to press the lithospheric slab into the hot asthe-
nosphere. Following this process via the Airy model (Allen 
and Allen 2013), sinking and heating of the basement and 

(4)q = �
b

T
b
− T
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h
1
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the subsequent layers were taken into account. Determin-
ing the aforementioned values from the beginning of the 
deposition of the sediments (with different sedimentation 
rates), layer by layer, following the erosion events as well, 
a dynamic model was achieved. At some sites, multiple-
borehole temperature measurements from successive log-
ging runs were available. For heat calibration of these 1D 
models, the Horner plot correction procedure was used 
(Deming 1989).

Results

1D basin modelling

From the sometimes overly sophisticated or overly simplified 
drill-hole reports, 20 identifiable layers could be extracted 
from more than 1 km length. These layers were defined as 
well-defined paleoenvironmental units. For one drill hole, 
these (maximum 20) layers were modelled. The thermal 
history of every well was included and the present-day 
heat distribution was generated by the 1D basin modelling 
algorithm. To identify the geological layers as modellable 
thermal units, a heterogeneous and incomplete dataset of 
161 boreholes was used. First, the geologic ages in the form 
of million years had to be assigned to the layers. The ages 
of the lithofacies from the Paleogene and lower Miocene 
were documented in the Encyclopedia of Pannonia (Arca-
num 2019). Other geologic ages were generally used accord-
ing to the International Chronostratigraphic Chart (Cohen 
et al. 2013). Then there was the assumption that the Mio-
cene erosion had taken place, which extended from 11.6 to 
12.6 million years (Vrsaljko et al. 2006). During that epoch, 
the studied region was an archipelago, and in some places, 
the area was seriously denuded, while not in others. The 
possible eroded sediment thicknesses were generated well 
to well, assuming a continuous sedimentation speed. Since 
the rate of Miocene erosion was not known, a similar rate 
was assumed as if the settlement happened (Elias and Mock 
2013). The changing water depth in the sedimentary basin 
(paleo water depth, PWD), the temperature of the interface 
between the upper surface of the sediment and the covering 
waterbody (sediment–water interface temperature, SWIT), 
then the changing of the heat flow in the basin throughout 
the investigated layer-generating time (heat flow history), 
had to be set. The estimation of the PWD was made based 
on literature data (Sztrákos 1973), which was limited by 
uncertainties in space, like seriously changing borders of 
the shorelines and sometimes deep or shallow water depth 
changes over time. The PWD data in a semiquantitative form 
were determined by foraminiferal facies of the investigated 
region (Sztrákos 1973), which was used to reconstruct the 
paleowater depth oscillation (Fig. 5).
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In the Eger-Demjén region, during the modelled time 
range, transgressions and regressions of the sea followed 
each other, sometimes with erosion stages. Step by step, 
this sea environment becomes shallower in time, later trans-
forming into a freshwater-filled basin. At the end, during 
the Eggenburgian, continental facies become prevalent. The 
interface temperature of the upper sedimentary layer under 
the waterbody of the sediment gathering basin (SWIT) is 
an upper limit in the definite integral counting of the heat 
spreading processes in the heterogeneously layered basin fill. 
The position of this surface is changing through time. Know-
ing that the investigated area (Eger-Demjén region, north-
east Hungary) today can be found in the Northern European 
region on the latitude of 51st degree, applying a general sea 
surface temperature model (Wygrala 1989), the global mean 
surface temperatures at sea level today and in the past can be 
determined, considering the global historic climate changes 
and the continent wondering events. From that data and the 
water-depth changing scenario, the SWIT values through 
the investigated geologic period were estimated (Table 2).

From the Eocene up to Oligocene, oceanic-environment-
generated sediments were disrupted completely by strong 
erosion events (Keveiné Bárány 1992). Because of this, the 
last well-documented and modellable 40-mW/m2 heat flow 
value was applied. The construction of the multiple-rifting 
scenario of the Pannonian Basin is a complex problem. 
Thermal history data were taken into account by the applica-
tion of burial and tectonic history of the Pannonian Basin. It 
is a five-step model, created and continuously developed by 
several authors (e.g. Royden et al. 1983; Lenkey et al. 2002; 
Gyollai 2007; Horváth 2007; Dövényi 2016; Blahó 2011; 
and, just for the given area from the viewpoint of the tectonic 
phases, Petrik et al. 2016). The model developed applies the 
Mckenzie method (McKenzie 1978) using only one pulling 
type of rifting event; however, it was necessary to create 
the five-step scenario as a composite but realistic method. 
Additional necessary factors, like stretching of the crust and 
mantle, were taken into account in the article of Huismans 
et al. (2001). The possible heat-flow history, applying the 

previously mentioned literature data, can be seen in Fig. 6 
(Royden et al. 1983; Huismans et al. 2001; Gyollai 2007; 
Horváth 2007; Blahó 2011; Dövényi 2016; Petrik et al. 
2016). In the first stage, from about 27 up to 20–21 million 
years, a north–south and a northwest–southeast-directed 
crust thickening was characteristic. During the second stage, 
from approximately 20–21 to 12 million years, there was 
the first rifting phase or first extension event, affecting the 
central part and the borders of the basin. The third phase 
is a short inversion period from 12 to 9.5 million years, 
with identifiable erosion surfaces and a hiatus in the basin 
fill. The border of the synrift-postrift phase was signaled 
by arching or missing Sarmatian sediments, or sometimes 
the thinning of Badenian–lower Pannonian layers (Horváth 
2007). During the fourth phase, from the beginning of the 
Pannonian stage, the central part of the basin was sinking. 
At that time, the stretching of the mantle was more signifi-
cant than the thinning of the crust. This second extension 
or rift phase (from 9.5 to 5.5 million years) was the result 
of the former arching of the asthenosphere. The last step, 
starting about 4 million years ago, was the inversion of the 
Carpathian Basin, which has lasted to the present time.

Fig. 5  Oscillation of the sea 
level in the surroundings of 
Demjén during the Paleogene 
age (re-edited after Sztrákos 
1973)

Table 2  Boundary condition adjustment for the simulation of the 
basin creation and filling up history

Age [million years] Paleowater depth [m] Sediment–water 
interface tempera-
ture [K]

0.00 0 10.00
5.33 0 12.59
11.60 0 16.07
12.60 0 17.35
27.82 180 18.20
30.10 100 19.44
31.37 100 19.58
33.22 60 19.79
33.90 40 20.87
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For the simulation performed here, an iterative finite ele-
ment algorithm was used, where the maximum cell thick-
ness was 1 m thinner than any modelled unit. The time step 
duration was 0.1 million years, because every modelled geo-
logical phenomenon lasted longer than this period. Depth-
related temperature, bulk density and heat capacity curves 
were generated, together with an overlay showing the verti-
cal thermal conductivity as a color scale in the background 

(Fig. 7). Porosity was estimated as well, both in time and 
depth for later computational steps. Using a 283.15 K surfi-
cial reference temperature (Tr), the amount of heat stored in 
unit volume of the drill-hole surrounding rock was deter-
mined for the whole drill-hole by the following equation:

(9)Q
st
=

n
∑

i=1

ci
(

Ti − T
r

)

Fig. 6  Possible heat flow trend 
of the Pannonian Basin from 27 
million years to the present day, 
a literature-based review

Fig. 7  Result of the 1D basin 
modelling process in well 
Demjén-Püspökhegy 33, Bükk 
Mountains, northeast Hungary
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where Qst is the stored amount of heat in a whole drill-hole 
(J), ci and Ti are heat capacity (J/kgK) and temperature of a 
given 1-m-thick layer element (K), respectively. As one can 
see from Fig. 7, the temperature distribution of this dynamic 
model changes by depth, showing that a heat flow analysis 
that is based on a constant thermal gradient would be an 
unpunctuated approximation.

3D stratigraphic/petrophysical modelling

To extend the validity of the constructed 1D models, a 
3D sample unit was created from 16 drill holes (Fig. 8). 
Sixteen neighboring drill holes were chosen with almost 
similar depth ranges (700–1,200 m) and in close proxim-
ity. The modelled spatial body had 1,210-m range in the 
geodetic X direction, 970 m in the Y direction and 1,225 
m in the Z (vertical) direction. The applied spacings were 
chosen as 10 m in the horizontal directions and 5 m verti-
cally. The 20 dominant layers, which were the basic units 
in the basin modelling process, were used as stratigraphic 
units and the data of the formerly created 1D basin models 
(like heat capacity and temperature distribution together 
with the accounted geothermal heat values as point data) 
were applied as input for the 3D modelling. The superficial 
reference temperature for the temperature correction was 
283.15 K as an average annual temperature for Hungary. 
Generated temperature values at every meter of the drill 
holes’ depth were reduced by the reference temperature. 
Corrected temperatures were multiplied by heat capacity 
values of the given 1-m-thick slice of the layers, generating 
geothermal heat amount, and considered true in a 1-m-thick 
volume unit around the given drill hole. The layer structure 

of the 16 drill holes followed two well-defined series. Drill 
holes on the western side (Dep-31, Dep-32, Dep-33, Dep-
34, Dep-35, Dep-36, Dep-37, Dep-39, Dep-57) contained 
almost every layer from the general layer structure of the 
area in almost the same thicknesses. On the other hand, 
layers on the east side of the sample area (DK-436, Dk-437, 
DK-462, DK-463, DK-464, DK-470) started basically with 
tuffs, ending with marls.

Since the spatial distribution of the boreholes is rather 
uneven, showing mostly a northeast–southwest-directional 
clustering on the northern and southern sides of the sample 
area, a robust and spatially governable spatial interpolation 
method was necessary for the modelling. Among others, 
the two generally applied algorithms are the inverse dis-
tance weighting and ordinary kriging (Afzal 2018; Yi-Hwa 
and Ming-Chin 2016). The two methods are similar to each 
other, in the sense that both of them are counting the identifi-
able parameter in the voxel midpoint from the nearest known 
values in a given adjustable environment, applying a moving 
weighted average with different weight values. Departing 
from the known values, the weights become smaller (Babak 
and Deutsch 2008). The weighting can be deterministic 
(inverse distance weighting, IDW) or statistical (e.g., kriging 
and its modifications). The advantage of deterministic meth-
ods is their robustness, but they are sensitive to the number 
of used points and the value of the exponent. By applying 
weighting, spatial directions can be followed more sensi-
tively. Since spatial arrangement of the drill holes is uneven 
and directed, and the used amount of data is limited (only 
16 drill holes were used for creating the 3D models), it was 
expedient to apply a mathematically exact method in which 
spatial directivity could be well managed. For that pur-
pose, ordinary kriging seemed to be the more advantageous 

Fig. 8  The nine drill holes 
selected for investigation from 
the research area of Demjén-
Püspök Hill (Dep-) and seven 
boreholes from the area of 
Demjén South (DK-), Bükk 
Mountains, northeast Hungary. 
The yellow line is a road
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one. Another difficulty was the statistical behavior of the 
input datasets (represented in Figs. 1–2). Because the sam-
ple area was possibly divided into pieces by faults, but the 
fault database was not available, the applied interpolation 
algorithm had to handle different data populations. On top 

of that, the modelled physical parameters showed different 
statistical distributions (Fig. 9). The histogram of the heat 
capacity (Fig. 9a) shows two well-defined bell-shaped data 
populations. A more uniform distribution can be seen on 
the histogram of the modelled temperature data (Fig. 9b). 

Fig. 9  Histograms of modelled 
a heat capacity, b temperature 
and c geothermal heat in the 16 
boreholes, Bükk Mountains, 
northeast Hungary
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Fig. 10  a Stratigraphic model of the studied site. b Locations of drill holes with stratigraphic units involved in the calculations. c Modelled heat 
capacity layering. d Modelled temperature distribution. e Modelled geothermal heat structure. f The stratigraphic units of the sample area and 
their color codes, used in both the basin and structural modelling, involving the 20 dominant layers that were the basic units in the basin model-
ling process
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The tilted and skewed dataset might also be the result of 
two data populations. Since the geothermal heat amount is 
the heat capacity multiplied by the temperature, the dataset 
in Fig. 9c shows the mixed behavior of the previous two 
datasets.

Applying an ordinary kriging algorithm, the struc-
tural connection between the layers was approximated by 
the drill-hole locations and the directions of the similar 
layer structures. It can be seen in Fig. 10 that because of 

the similar northeast–southwest direction on both sides of 
the 3D modelled sample area, in the case of stratigraphic 
modelling, the long axis of the ellipse from the kriging was 
adjusted in parallel to this general structural direction. Thus, 
on the semivariogram, using a locally well-approximating 
linear distribution model without a nugget effect, the Pear-
son’s correlation coefficient was high enough (0.82). The 
heat capacity, temperature, and specific geothermal heat 
datasets needed another variogram adjustment. In the case 
of the physical parameters, based on the 1D basin model, a 
Gaussian distribution with a nugget effect produced favora-
ble starting correlation values. Because of the strong effect 
of the structural directions, an inverse distance weighting 
algorithm would not be so effective. Between the western 
and eastern side, existence of a fault parallel to the north-
east–southwest directions of the drill holes and structures, 
might be assumed. The resultant 3D stratigraphic and petro-
physical models can be found in Fig. 10.

Bottom-hole temperature data of the disturbed forma-
tions, gathered by well logging operations, were used for 
the Horner method (Timko and Fertl 1972) to create bot-
tom-hole static temperature or initial formation tempera-
tures (Table 3). The table also contains the basin modelling 
approach’s modelled temperatures. Because the temperature 
modelling in the basin modelling approximation is created 
by a finite element mesh, the lowest countable points in 
this net were in the 2–8 m higher position than the real true 
depths of the holes. It is concluded that, with increasing 
depth (Fig. 11), the temperature differences between the two 
modelling considerations become more expressive.

Discussion

In the geothermal reuse of an abandoned hydrocarbon well, 
it is essential to determine the amount of energy stored in 
the well environment as accurately as possible. The available 
geothermal energy is a very important factor in the proposed 

Table 3  Bottom-hole temperatures (from the drillers’ rotary table): 
noted bottom-hole static temperature by the Horner method, modelled 
temperature at the given (deepest modellable) depth using the finite 
element method in basin modelling, and the difference between the 
basin-modelling-derived temperature and the Horner-corrected bot-
tom-hole temperature

Drill-hole Bottom-
hole depth

Static tem-
perature

Modelled tem-
perature/depth

Tempera-
ture differ-
ence

[m] [°C] [°C/m] [°C]

Dep-31 720 56.6 62.5/716 4.2
Dep-32 720 56.6 60.8/715 1.7
Dep-33 750 57.7 59.4/747 2.3
Dep-34 900 62.7 65.1/896 0.6
Dep-35 706 56.1 56.6/704 –0.01
Dep-36 700 55.9 55.8/698 –0.7
Dep-37 700 55.9 55.3/698 6.3
Dep-39 930 63.7 70.0/927 10.3
Dep-57 900 62.7 73.0/897 16.8
DK-436 1136 69.9 86.7/1136 19.6
DK-437 1200 71.6 91.2/1196 9.0
DK-440 875 61.9 71.0/870 10.1
DK-462 900 62.8 72.9/898 13.1
DK-463 1000 65.9 79.0/995 18.2
DK-464 1125 68.8 87.0/1122 4.8
DK-470 900 62.7 67.4/892 5.9

Fig. 11  Differences in the 
temperatures between the values 
obtained by the Horner method 
(measured) and the basin mod-
elling approach, as a function of 
total depth of borehole
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assessment workflow. Each well, drilled for a different pur-
pose (fluid mining, solid minerals mining, geological explo-
ration, construction geology-geotechnical, geothermal, etc.), 
has a definable geothermal energy potential. This study 
has also developed an analytical method to determine the 
maximum amount of energy (rock and fluid) stored in the 
well surroundings. To develop a well-applicable method, 
the Gazo method (Gazo 1992) to determine the maximum 
amount of geothermal energy that can be extracted from 
an arbitrary volume was used. Gazo’s method was applied 
by Barylo (2000) to estimate the geothermal energy of an 

area in Ukraine; however, Gazo’s method yields an approxi-
mation, as it uses average parameters of the given volume 
(average porosity, average temperature, average rock den-
sity, average fluid density, and average specific heat values), 
which makes the determination of energy rather inaccurate 
for large volumes.

More accurate calculation of the geothermal energy con-
tent in the vicinity of a given well requires the determination 
of the detailed spatial distribution of physical and thermal 
parameters and the spatial integration of the amount of dif-
ferential energy. The distribution of the parameters needed 

Fig. 12  2D cross-sections of the 
predicted specific geothermal 
energy (EG) in the research 
area, Bükk Mountains, north-
east Hungary: a section A–A′, b 
section B–B′ (see Fig 1)
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Table 4  The characteristics of 20 wells with the smallest and 20 
wells with the largest specific energy content, in the investigated 
area, Bükk Mountains, northeast Hungary. For specifying the specific 
geothermal energy content, a volume of interest is created where the 
well length and radius are assumed to be 1 m, respectively. For the 

total geothermal energy content, another spatial unit is determined, in 
which the well length is similarly 1 m, and the radius of influence is 
taken as 100 m. By integrating the energy contents of the units along 
the well length, specific and total energy values are counted. NA not 
available

Well Year of drilling 
completion

Name of settlement Well length
[m]

Specific geothermal energy 
content [GJ]

Total geothermal 
energy content 
[GJ]

Wells with the smallest specific energy content
DK-443 1984 Egerszalók 190 0.10163804 193112.2752
K-25 NA Tiszakeszi 501 0.107244137 537293.1269
DK-444 1984 Egerszalók 249 0.133061937 331324.2236
DK-448T 1986 Demjén 300 0.136467199 409401.5974
DK-441T 1986 Egerszalók 260 0.138924067 361202.5744
B-17 NA Boconád 482 0.140111748 675338.6251
De-66 1976 Demjén 272 0.143420081 390102.6195
De-70 1987 Demjén 276 0.14531648 401073.4854
DK-447T 1984 Demjén 280 0.149156413 417637.9576
DK-448 1984 Demjén 330 0.149556339 493535.9198
De-69 1987 Demjén 275 0.150117886 412824.1858
DK-447 1984 Demjén 305 0.152637023 465542.921
DK-423 1979 Demjén 300 0.155109954 465329.8619
DK-426 1983 Demjén 300 0.155109954 465329.8619
K-103 NA Miskolc 337 0.159056465 536020.2871
DK-441 1984 Egerszalók 305 0.161510464 492606.9165
De-68 1981 Demjén 386 0.161989086 625277.8726
DK-442 1984 Egerszalók 308 0.163269354 502869.6093
DK-450 1985 Demjén 325 0.164706766 535296.9895
DK-452 1985 Egerszalók 326 0.164924771 537654.7546
Wells with the largest specific energy content
Verp-s-2 1978 Feldebrő 1572 0.684745359 10764197.05
DK-413 1971 Andornaktálya 1601 0.688911656 11029475.61
Uma-2 1989 Hajdúböszörmény 2487 0.729789825 18149872.94
Verp-4 1979 Feldebrő 1590 0.740791421 11778583.59
Verp-s-5 1979 Domoszló 1486 0.757318559 11253753.79
El-1 1974 Egerlövő 2151 0.758879528 16323498.64
Dm-4 1986 Nagytálya 2000 0.778351775 15567035.49
Verp-1 1979 Aldebrő 2981 0.783115871 23344684.12
Dm-3 1986 Nagytálya 2000 0.790092863 15801857.26
Dm-1 1986 Maklár 2000 0.797883086 15957661.72
Dm-2 1986 Kerecsend 2000 0.809967531 16199350.63
HHE-T-1 2009 Tiszatarján 2604 0.816761075 21268458.39
Verp-2 1979 Kerecsend 2587 0.842966981 21807555.8
Hejo-1 1989 Hejőpapi 1658 0.854027102 14159769.35
Szi-1 1972 Szihalom 1919 0.886523287 17012381.89
HHE-JKX-T-6 2010 Tiszavasvári 2893 0.894305626 25872261.75
Egyek-1 1988 Egyek 2900 0.908994612 26360843.74
Ker-1 1964 Kerecsend 2465 0.979251377 24138546.45
Tarna-1 1973 Boconád 3087 1.00783266 31111794.22
Mn-3 1987 Mezőkövesd 1486 1.403831669 20860938.59
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to calculate the geothermal energy potential can be well 
estimated using well logging methods, surface geophysical 
methods, and hydrogeological modelling and testing. The 
maximum geothermal energy contents of the surroundings 
of 161 wells were calculated in the research area using the 
proposed method. For each well, the total geothermal energy 
content of the 100-m-radius environment of the well and the 
specific (average) energy content of the 1-m-radius envi-
ronment of the 1-m well length was determined. A contour 
map of the specific geothermal energy in the research area 
is shown in Fig. 12. Since the specific energy content repre-
sents the whole well (as being the average value), although 
this value, for the sake of the cross sections, is assigned 
to a single point representing the bottom of the borehole, 
there is likely to be a blurring of some of the detail. On the 
other hand, it is considered to be a convenient approach for 
practical applications and the overall trends are clearly vis-
ible. Based on Fig. 12, a definite growth trend in the poten-
tial of geothermal energy can be established in the north-
west–southeast direction. Table 4 shows the characteristics 
of 20 wells with the smallest specific energy content and 20 
wells with the largest specific energy content.

Conclusions

Based on a priori given data, and geologic and infrastruc-
tural considerations, a test area to investigate the geothermal 
potential of abandoned hydrocarbon wells has been deline-
ated at the southern part of the Bükk Mountains, Hungary. A 
new, large database of many abandoned hydrocarbon wells 
with potential geothermal use has been built and expanded 
for a test site in the area. Information on geologic forma-
tions and layers, temperatures, flow rates, water chemistry as 
well as screening and casing, and other additional technical-
related information was integrated into a joint database. The 
input dataset serves as the basis for the geothermal potential 
assessment of the selected pilot area. As a next step, a new 
practical and easy-to-use evaluation method has been elabo-
rated to evaluate the abandoned wells based on eight different 
models and technically related parameters. Twofold analyses 
have been carried out, localized at a well scale and regional 
scale for the area, which finally may lead to further geother-
mal developments. The analysis and interpretation of the 
database supported by the proposed evaluation method gave 
insight into the geothermal conditions of the areas of interest.

The inclusion of abandoned hydrocarbon wells can 
support an increase in geothermal energy production in 
Hungary. This is an important objective in Hungary and 
may facilitate an increase in the share of renewables in 
the national energy mix (Tóth 2016). Currently, the direct 
utilization of geothermal energy has reached 1,000  MWth 
capacity in Hungary. The proposed complex evaluation and 

utilization of the abandoned hydrocarbon wells can help 
double this geothermal energy production rate in the next 
decade.
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