university of faculty of science
groningen and engineering

Regional Assessment of Geothermal

Potential in Romania: a Volumetric
Heat-in-Place Approach

Supervisor:
Author: prof. dr. Johannes M10OCIC
Teodora NEAGA Second examiner :
(§5104629) .

prof. dr. Michael DEE

Bachelor’s Thesis
To fulfill the requirements for the degree of
Bachelor of Science in Physics
at the University of Groningen

July 5, 2025



Contents
Abstract
Acknowledgements
1 Introduction
1.1 Geothermal Reservoir Properties . . . . . . . ... ... ... .........
1.2 Current Status of Geothermal Energy in Romania . . . . . ... ... ... ..
1.3 Aimsand Objectives . . . . . . . . . . . . e
1.4 ThesisOutline . . . . . . . . . . e
2 Geological Setting
2.1 TransylvanianBasin. . . . . . . . . ... ... .
2.2 Pannonian Basin . . . . . . . ...
2.3 Moesian Platform . . . . . . . . . . ...
3 Methodology
3.1 Geothermal Gradient . . . . . . . . . . . . e
3.2 Recoverable Heat . . . . . . . . . . . . . .
3.2.1 Volume Estimation . . . . . . . . . . . . . . .
3.2.2 Estimation of Reservoir Temperatures . . . . . . . .. ... ... ...
3.2.3 Estimation of Recoverable Heat . . . . . . . . . . .. ... ... ...
324 MapCreation . . . . . . . . ... e
4 Results and Discussion
4.1 Geothermal Gradient . . . . . . . . . . ..
42 Recoverable Heat . . . . . . . . . . . . .
4.3 Future Outlooks . . . . . . . . .
5 Conclusions
Bibliography
Appendices
A Raw Data . . . . . . . .
B Area and Volume Calculations . . . . . . . . . . . . .. .
C PythonSourceCode . . .. ... .. . . . . .. ... ...

Page

10
10
11
13

15
15
15
15
16
16
16

18
18
19
22

23

24



Abstract

Geothermal energy is a renewable energy source derived from the Earth’s internal heat, and is
considered a strong candidate for stable baseload energy, unlike other renewable sources that
are limited by intermittency. In Romania, geothermal resources are limited to low-enthalpy uses
such as balneology, greenhouse heating, and localized district heating. The national potential
remains underutilized, with most developments concentrated in the western part of the coun-
try. The aim of this study was to investigate the geothermal resource potential of Romania, by
combining geothermal gradient data with a volumetric heat-in-place approach, using geologi-
cal cross sections from the three main sedimentary basins in the country: the Pannonian Basin,
Transylvanian Basin, and Moesian Platform. The results show that geothermal gradients vary
significantly across the country, ranging between 16 and 50 °C -km ™!, with the highest values
recorded in the Pannonian Basin. Their distribution is broadly consistent with current appli-
cations, but reveal untapped potential in the Moesian Platform and Transylvanian Basin. The
total recoverable heat was estimated at approximately 634 EJ over a surface area of 5080 km?.
The calculated technical potential is around 0.016 EJ per year, which represents around 4% of
Romania’s annual heating and cooling demand. The main limitation of this study was the lack
of publicly available data, which restricted the analysis to around 2% of Romania’s surface
area, and required the use of generalized reservoir properties. Despite these limitations, the
findings indicate substantial unexploited geothermal potential. Future research should expand
the geographic scope of the study and incorporate higher-resolution subsurface data to improve
the accuracy of the estimates and better assess the ability of geothermal energy to help reduce
fossil fuel dependency.
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1 Introduction

The use of geothermal energy can be traced back thousands of years, when early civilizations
used hot springs for bathing, cooking, and healing purposes [!]. Today, geothermal energy is
considered a renewable energy source, as it draws on the Earth’s internal heat, which is mainly
produced by the natural decay of radioactive isotopes, such as uranium, thorium, and potas-
sium, as well as from the residual heat from planet formation [2, 3]. Given the extremely long
half-lives of these isotopes, especially that of thorium-232, which is 14.1 billion years [4], the
internal heat of the Earth can be regarded as constant. This makes geothermal energy a great
candidate for stable and reliable baseload energy, in contrast to other renewable sources that
are limited by intermittency [5].

To access this energy, geothermal systems rely on the circulation of water through the sub-
surface [1]. Surface water infiltrates downward through porous and permeable rocks, absorbs
the heat, and is then extracted to the surface through wells drilled into reservoirs [0, 7]. De-
pending on the temperature of the resource, geothermal energy can be used either for direct
applications, such as space and district heating, when temperatures are below 150 °C (low en-
thalpy), or for electricity generation, when they exceed that threshold (high enthalpy) [¢].

In both cases, the extracted fluid, after the heat is removed, is generally reinjected into the
reservoir. This is done to ensure the long-term stability of the system and to minimize the en-
vironmental impact of the surface discharge of geothermal fluids [©, 10]. It also helps preserve
the pressure gradient, which drives fluid circulation and maintains the flow to the production
wells, and the temperature of the reservoir [9, | |]. However, if the reinjection well is placed
too close to the production well, the reinjected fluid, which is considerably cooler, will not
have enough time to reheat, which could lead to thermal breakthrough [ 2]. This would further
lead to a temperature reduction in the production well, and subsequently a reduction of the
efficiency and life-time of the reservoir [13].

1.1 Geothermal Reservoir Properties

For a geothermal reservoir to be considered ideal for energy use, several conditions must be
met. Firstly, a high geothermal gradient, which is the rate at which temperature increases with
depth, is preferred, as it allows sufficiently high temperatures to be reached at shallower depths,
thereby reducing drilling costs [14, 15]. Although the global average is below 30°C -km™!,
this value can rise significantly in regions affected by geological anomalies [ 14]. These include
areas with recent or ongoing volcanic activity, areas with fault systems, or regions where the
Earth’s crust is thinner [14]. These allow the heat from the mantle to reach shallower depths
more efficiently, and thereby create favorable conditions for geothermal development [ 14].

Additionally, reservoir rocks must exhibit both high porosity, which allows large amounts of
hot water to accumulate in the pore space, and high permeability, which enables this water to
circulate through the subsurface [ 6]. These conditions are generally met in porous formations
such as sandstone, limestone, and fractured volcanic rocks [12, 16].

For low-porosity rocks, such as granite, a critical factor is the presence of natural fractures,
which are networks of cracks and faults within the rocks that significantly enhance permeabil-
ity by providing preferential flow paths for the geothermal fluid, commonly encountered in
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either liquid or vapor form [16, 17, 18]. In cases where high temperatures are present but the
rock layers showcase low permeability and lack natural fractures, artificial fracturing can be
used to improve fluid flow and make the reservoir suitable for geothermal production [16, 19].
This technique, however, can lead to induced seismicity, which poses social and environmental
concerns [20].

To ensure that both the geothermal fluid and its heat remain contained, the reservoir must be
capped by layers of impermeable rocks, such as clay or shale, that act as seals [21]. These con-
fining layers prevent the upward migration of hot water while also creating a protective barrier
such that the groundwater is not contaminated by the geothermal fluid [2”], which often con-
tains dissolved organic and inorganic compounds that could degrade the quality of surrounding
clean water [23, 24].

1.2 Current Status of Geothermal Energy in Romania

Romania has considerable geothermal potential, in the form of low-enthalpy resources, which
typically range between 40°C and 120°C [25]. In the year 2015, around 100 wells were opera-
tional in that temperature range, 40 of them being used exclusively for balneology and bathing
[26]. A map of the main geothermal reservoirs is presented in Figure 1.

Ukraine

Moldova

Hungary

Eastern
Carpathians

Comlosu Mare

Southern
Carpathians

Serbia

Black Sea

0 75 150 km Bulgaria
| |

Figure 1: Location of the Pannonian Basin, the Transylvanian Basin, and the Moesian Plat-
form. The major mountain ranges are labeled to indicate regional structural boundaries. The
dots indicate the localities using geothermal systems (an overview of the main utilizations and
parameters per locality can be found in Table 2).
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The geothermal reservoirs are mainly located within two distinct geological settings. The first
includes porous and permeable sedimentary formations, such as sandstones and gritstones, typ-
ically found in the Western Plain and the Olt Valley [26, 27]. The second consists of fractured
carbonate formations, which are characteristic of areas such as Oradea, Bors, Beius, and North
Bucharest [26, 27]. Table 1 depicts site-specific characteristics of the main geothermal systems
in Romania.

Table 1: Main parameters of the most important geothermal systems in Romania, as of 2010,
obtained from [?7].

Parameter Unit Oradea Bors Beius Western Plain | Olt Valley | N Bucharest
Type of reservoir - carbonate | carbonate | carbonate sandstone gritstone carbonate
Area km? 75 12 47 2,500 10 350
Depth km 22-32(24-28|24-28 0.8—2.39 2.7-325| 20-32
Drilled wells (total) 14 6 2 88 4 17
Active wells - 12 0 2 39 2 1
Well head temp. °C 70 —105 120 84 50-90 70—-95 51-84
Temperature gradient °C/100 | 3.5—-43 | 45-5.0 33 3.75-4.15 3.0-35 23-2.6
Total Dissolved Solids g/l 08—-14 | 12-14 0.46 2-6 15.7 22
Gas-to-Water Ratio Nm’m® | 005 | 50-65 - 0.6—2.1 1-2 0.1
Type of production - Artesian | Artesian | Pumping | Art. + Pumping | Artesian Pumping
Flow rate I/s 4-20 10—15 13—-44 4-12 8.5-22 22-28
Operations - 11 2 1 18 3 1
Annual savings toe 9700 3200 1000 18500 3500 1900
Total installed power MW, 58 25 10 30 12.5 35
Exploitable reserves (20 years) | MW/day 570 110 52 4700 300 840

The existing wells provide a total installed capacity of 480 MWt (at a reference temperature of
25°C), with only 200 MWt used. This results in an annual utilization of around 400 GWh [26],
or approximately 0.16% of the country’s annual energy demand [”&]. These resources are pre-
dominantly used for various forms of direct heat utilization, such as space and district heating,
domestic hot water supply, greenhouse heating, health and recreational bathing, or industrial
processes [20, 29]. A detailed overview of geothermal systems and their primary utilization per
locality is presented in Table 2.

Although Romania has significant geothermal resources, the use of geothermal energy remains
limited, being concentrated mainly in the western part of the country. In recent years, however,
a growing number of municipalities have begun exploring or expanding the use of geothermal
energy for urban and semi-urban heating purposes [30, 31, 32, 33]. Despite these successful
examples, which highlight a substantial, untapped potential, the national picture remains one
of underutilization [34]. Most geothermal energy applications in Romania are still directed
toward individual facilities, such as spas, greenhouses, and isolated buildings, with limited in-
tegration into large scale systems, such as district heating networks, which could contribute to
meeting the national heating demand and reduce the reliance on fossil fuels. Compared to other
renewable technologies, such as biomass or solar energy, the expansion of geothermal heating
has been slower, primarily due to data gaps, financing challenges, and insufficient technical
modernization [34].
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Table 2: Utilization of geothermal energy for direct heat as of 31 December 2014, obtained
from [35]. H = Space heating and district heating (other than heat pumps), I = Industrial
process heat, B = Bathing and swimming (including balneology), G = Greenhouse and soil
heating, F = Fish and animal farming, D = drying agricultural products. *Wells above 50°
wellhead temperature, without Exploration Permit (NAMR License), in stand-by. **Maximum
annual average flow rate approved by the NAMR License.

Flow Inlet Outlet . Average .

Locality Utilization | Rate | Temperature | Temperature Capacity Flow Energy | Capacity

[MWt] [TI/yr] Factor
[ke/s] [°C] [°C] [ke/s]

Satu Mare HB 22.9 65 30 3.36 7.00 32.30 0.31
Carei B 10.3 45 30 0.65 3.00 5.90 0.29
Acas-Beltiug B 31 68 30 4.93 0.25 3.40 0.02
Tasnad BH 17 70 25 3.20 0.17 26.23 0.26
Sacuieni HDBG 58 80 25 13.36 8.20 30.08 0.07
Marghita HDB 26 65 25 4.35 5.00 14.57 0.11
Boghis BH 12 45 25 1.00 5.00 7.23 0.23
*Mihai Bravu GF 6 65 25 1.00 0.00 0.00 0.00
Sannicoau de Munte B 5 65 25 0.84 0.17 0.74 0.03
Bors D 25 120 40 8.37 3.00 6.64 0.03
**Qradea HDB 90 87 30 21.48 65.00 | 345.76 0.51
Livada DG 10 88 30 243 9.00 2.26 0.03
Felix BH 140 45 25 11.72 95.00 | 250.61 0.68
Madaras BH 7 46 25 0.62 0.16 1.19 0.06
Ciumeghiu G 12 92 35 2.86 0.00 0.00 0.00
Cighid HB 10 72 25 1.97 0.37 2.75 0.04
Beius HDB 120 34 30 27.13 15.48 | 158.46 0.19
Santandrei F 25 79 35 4.61 2.00 9.70 0.07
Macea HGB 12 57 30 1.36 10.00 19.53 0.46
Curtici HGB 16 57 30 1.81 13.00 25.39 0.45
Dorobanti GB 12 57 30 1.36 5.00 9.77 0.23
*Sofronea HB 6 50 30 0.50 0.00 0.00 0.00
Arad B 12 40 25 0.75 7.00 7.60 0.32
Nadlac IDB 10 75 35 1.67 5.00 14.47 0.27
Sannicolau IDB 15 78 35 2.70 5.00 15.55 0.18
Saravale HB 8 75 35 1.34 0.00 0.00 0.00
Tomnatic GB 45 78 35 8.10 0.00 0.00 0.00
Lovrin DGB 8 78 35 1.44 5.20 30.02 0.66
*Periam HB 10 70 35 1.47 0.00 0.00 0.00
Jimbolia IDBG 8 78 35 1.44 1.00 5.67 0.12
*Teremia GHB 10 80 35 1.88 0.00 0.00 0.00
*Lenauheim HBG 8 80 35 1.51 0.00 0.00 0.00
*Comlosu Mare HB 5 70 35 0.73 0.00 0.00 0.00
*Grabat GB 10 80 35 1.88 0.00 0.00 0.00
*Beregsau GB 6 72 35 0.93 0.00 0.00 0.00
Timisoara DB 10 50 35 0.63 1.00 1.98 0.10
Herculane B 75 52 25 8.48 50.00 | 148.00 0.55
Olt Valley DB 45 92 35 10.74 19.00 | 142.82 0.42
North Bucharest HB 242 75 35 40.53 2.00 0.06 0.00
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1.3 Aims and Objectives

The research question investigated throughout this study is "What is the geothermal potential
of Romania?”. The analysis is based on geothermal gradient mapping and estimates of the
total heat that could theoretically be extracted from reservoir rocks. A volumetric heat-in-place
approach is used, focusing on the country’s main sedimentary basins, which appear to have
favorable conditions for geothermal reservoirs. Existing research in this field is limited, as most
studies focus solely on currently exploited wells. The main motivation behind the investigation
lies in the fact that available studies briefly mention the geothermal potential across Romania,
but do so without presenting the underlying methodology, which makes it difficult to verify or
build upon their conclusions.

1.4 Thesis Outline

In the remainder of the thesis, the geological setting of the northeastern part of the Pannonian
Basin, the Transylvanian Basin and the Moesian Platform is provided in Section 2. Section
3 outlines the methodology used to generate the geothermal gradient map and to compute
the recoverable heat estimates. Section 4 presents the main findings and their interpretation, a
discussion of the main limitations, and suggestions for improvement. Lastly, Section 5 provides
a summary of the main findings and future directions.
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2 Geological Setting

Sedimentary basins are areas of the Earth’s crust that contain thick accumulations of sedimen-
tary rocks [36]. These successions typically consist of alternating permeable and impermeable
layers, which facilitate the formation of reservoir-seal systems [37]. Their widespread distri-
bution, large size, and frequent proximity to human settlements make them highly accessible
for geothermal development [38]. Furthermore, sedimentary basins host a significant amount
of thermal energy, as a result of heat conducted from the inner crust and retained during the
lithification of their sedimentary sequences [39]. While these basins share similar features, they
differ in terms of geological age, lithology, and stratigraphic architecture [40]. These differ-
ences reflect distinct tectonic settings and sedimentation histories, which are typically classified
according to the geological time scale [41].

In the following subsections, the geological setting of the three sedimentary basins selected
for this study will be presented. This includes information about their structural layout, stratig-
raphy, and lithology, which represent key factors in evaluating the resource potential of each
basin.

2.1 Transylvanian Basin
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Figure 2: Location and general geology of the Transylvanian Basin, obtained from [1].

The Transylvanian Basin (Figure 2) is a sedimentary back-arc basin situated between the
Apuseni Mountains (in the Western Carpathians) and the Eastern and Southern Carpathians
[42]. The Carpathians, which are related to the Alpine orogen, were created during the con-
vergence between the African and European plates [43]. The basement of the Transylvanian
Basin began forming from the Middle Cretaceous, as a consequence of the tectonic collisions
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in the intra-Carpathian region [42]. Covering an area of around 20000 km?, the Transylvanian
Basin represents the primary gas-producing region in Romania and in Central Eastern Europe
[441,[45]. The sedimentary fill of the basin, built upon the Middle Cretaceous basement, is
between 5 and 8 km thick and comprises Upper Cretaceous to Upper Miocene deposits, with
gas being produced between the Middle to Upper Miocene sequence [44].

Section 1 e
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Figure 3: Regional sections depicting the overall basin architecture, obtained from [1]. Their
approximate location can be seen in Figure 2.

The stratigraphy of the basin is illustrated in the cross-sections presented in Figure 3. The lower
level of the basin contains Upper Cretaceous sediments, which are mostly comprised of clays,
marls and sandstones, followed by Paleogene deposits [46]. The Lower Miocene deposits con-
sist of sandstone, mudstone, and turbidites [42]. The Badenian sedimentation begins with a
tuff and conglomerate formation, overlapped by a salt formation that creates diapirs, and ends
with sands and marls [44]. The Sarmatian deposits comprise mostly sands and marls, with few
conglomerates in the eastern part, while the Pannonian deposits conclude the sedimentation of
the basin with sands and marls [44].

Although magmatic activity took place during Late-Cretaceous to Neogene near the basin,
it was restricted to its margins. The basin shows relatively low heat flow, decreasing from
around 60 mW - m~2 in the north, to 40 mW - m~2 in the south, likely due to the lack of recent
magmatism and the deep crustal structure, which is between 42 and 47 km thick. [44]

2.2 Pannonian Basin

The Pannonian Basin lies within the convergence zone between the Eurasian and Nubian plates,
where the ongoing subduction of oceanic and continental lithosphere led to the development
of back-arc basins [47]. It is bordered by the Eastern and Southern Alps in the west, by the
Dinarides in the south, by the Apuseni Mountains and the Southern Carpathians in the east,
and by the Western and Eastern Carpathians in the north [48]. On the Romanian territory,
the Pannonian basin is located in the northwestern part of the country, close to the Hungarian
border[49]. The Apuseni Mountains create the boundary between the Pannonian and Transyl-
vanian basins[50].
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The basement in this area is made up of crystalline rocks, which belong to various tectonic
cycles and the magmatic intrusions associated with them [4&]. The sedimentary fill of the basin
includes deposits from the Permian, Mesozoic, and Cenozoic eras [48]. Triassic formations
lie directly on top of the basement, in the southern part of the Oradea - Satu Mare region (for
the location of this region refer to Figure 1), and consist of conglomerates, sandstone and clay,
with carbonate rocks in the upper part [5!]. Jurassic formations are present in the same region
as the Triassic, and consist mainly of terrigenious and carbonate deposits [5!]. Lower Creta-
ceous deposits lie transgressively over the Jurassic and cover a larger surface area in the same
region [51]. They contain carbonates and marly-calcareous sediments. The Upper Cretaceous
lies over the previous series and directly over the basement, as it covers almost all the basin
in a marly-sandstone facies [5]. Paleogene formations are found in the northern part overlap-
ping the basement, and consist of shales, marls and sandstones [5!]. The Neogenic cover lies
transgressively over the older series and consists of Pannonia facies of Miocene and Pliocene
formations [51]. The Miocene formations generally consist of terrigenious, evaporitic deposits,
tuff, and tuffite [5]. Pliocene deposits include sandstone, sand, marls, and clays [5]. One area
of interest, along with a cross section, are presented in Figure 4.
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Figure 4: Sketch map of the Oradea-Satu Mare region (left) and one of the longitudinal geolog-
ical cross-sections used for the Pannonian Basin (right), obtained from [5]]. Er = magmatic
rocks; Crs = crystalline basement; T = undifferentiated Triassic (T\ = Lower Triassic, T»
Mid Triassic); J = Jurassic; K = undifferentiated Cretaceous (K; = Lower Cretaceous, K>
Upper Cretaceous); Pg = Paleogene; N = undifferentiated Miocene (To = Tortonian, Sm
Sarmatian); pn = Pannonian s.s.; pQ = Pontian—Quaternary.
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The heat flow in the Pannonian Basin is between 100-120 mW - m~—2 [50]. The presence of
these high heat-flow areas in the Northwestern part of Romania is attributed to tectonic events
that shaped the structure and sedimentation processes [47], such as the Badenian extension,
during which the crust became thinner (less than 25 km) and allowed molten mantle to rise

closer to the surface [57].

2.3 Moesian Platform

The Moesian Platform is a major tectonic unit, which is bordered in the south by the Balkan
Mountains, in the east by the Black Sea shelf, and in the north and west by the South Carpathi-
ans (see Figure 5) [53]. A crustal discontinuity, the Intramoesian Fault, divides the platform
into two distinct sectors, the Dobrogean sector to the east of the fault and the Wallachian sector
to the west, which differ in crustal properties and lithostratigraphy [53]. Beneath the platform,
the crustal thickness is between 30-35 km in the western sector, and around 40 km in the eastern
sector [54].
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Figure 5: Simplified tectonic map showing the boundaries, major faults and tectonic blocks of
the Moesian Platform, obtained from [53].

The sedimentary fill of the platform generally reaches a thickness of around 10 km, except
in the northeast area, where it exceeds 15 km, marking the thickest sedimentary sequence in
Romania [55]. The stratigraphy of the western sector can be seen in Figure 6. Paleozoic for-
mations consist of quartzitic sandstone, shale, limestone, dolomite, and evaporites [56]. The
overlying Permian deposits include limestone, anhydrite, and salt, while the Triassic forma-
tions are composed mostly of carbonates and evaporites, with some magmatic intrusions [56].
Jurassic deposits consist mainly of limestone, dolomite, and shale, and the Cretaceous forma-
tion features carbonate and siliclastic rocks [56]. The Miocene comprises sandstones, marls,
carbonates, and evaporites, while the Cenozoic cover concludes sedimentation with mainly
sandstone [56].
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Figure 6: Geological cross-section in West Moesia. The approximate location can be seen in
Figure 5, obtained from [57].

The heat flow values vary throughout the platform between 20 and 70 mW-m~2 [57]. The
western sector presents a higher geothermal gradient, of 5-6 °C -km ™!, compared to 1.5 °C -
km~! in the eastern sector [58]. The high heat flow is linked to the magmatic activity that
took place between the Permian and Triassic, as well as the breakdown of radiogenic elements
within the magmatic rocks, with deep faults acting as pathways for fluid circulation [58].
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3 Methodology

In order to perform an assessment of geothermal potential, regions of elevated geothermal gra-
dient have to be identified, along with estimates of heat that could theoretically be extracted
from reservoir rocks. The methodology used to carry out this assessment is outlined in the
following sections. The maps were generated using QGIS, which is a geographic informa-
tion system that facilitates spatial processing, visualization, and interpretation of georeferenced
data[59].

3.1 Geothermal Gradient

The heat flow map obtained from [60] was georeferenced on an OpenStreetMap standard base
map to ensure spatial alignment. 20 wells investigated in the original study were digitized as
point features in a multipoint shapefile layer, with their geothermal gradient values stored as
attribute fields. The resulting point dataset was interpolated using Ordinary Kriging, which is
a geostatistical method that estimates unknown values based on the spatial autocorrelation of
the known data points [61]. To limit the output to the study area, a polygon shapefile of the
national boundary was used to clip the interpolated surface.

3.2 Recoverable Heat

In order to assess the theoretical amount of heat that could be extracted from reservoir rocks, a
reformulation of the USGS volumetric heat-in-place method was employed [6”]. The recover-
able heat was computed using [67]:

qr =Vpcp(Tr — Tref) (D

where g is the recoverable heat, V' is the net volume of the reservoir, pc), is the volume-related
specific heat capacity of the rock, Tk is the average temperature of the reservoir, and 7, is the
reference temperature, taken as 15 °C [62].

3.2.1 Volume Estimation

To apply this method, geological cross sections for each region were used as the basis to com-
pute the volume of the layers. The cross sections presented in Figures 3 and 6 were used to
compute the depth of the top and base of each layer, for the Transylvanian Basin and the Moe-
sian Platform, respectively. For the Pannonian Basin, the cross sections provided in [51] were
used as reference, as they represent the only extensive data available for this region. The lon-
gitudinal cross sections for the Oradea-Satu Mare region were cropped and merged together to
form a continuous cross section for the area.

Due to the age and resolution of the original publication, the quality of the cross sections
was limited in the Pannonian Basin, which made stratigraphic interpretation challenging. The
lithological boundaries were often unclear and some symbols were faded, further reducing the
precision in identifying individual formations. In many cases, it was not possible to determine
whether a layer corresponded to a specific subgroup or represented a broader stratigraphic in-
terval. As a result, units from the same epoch or period were grouped together and treated as
a single layer in the analysis, to allow for a more reliable estimation of the depth values. The
dataset corresponding to each area of interest is available in Appendix A.
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The area of each layer was computed using a Python code, available in Appendix C. To min-
imize the uncertainty in the area approximation, the cross sections were divided into vertical
increments of 250 m. For each increment, the code determined the average thickness of the
layer, and calculated its corresponding area using trapezoidal integration along the horizontal
extent. The resulting values are provided in Appendix B.

To compute the gross volume of the layers, a lateral extent of 10 km was used. For the Tran-
sylvanian Basin, this choice was supported by the available cross sections, which suggest a
relatively even subsurface geometry. In the Oradea-Satu Mare region, the reservoir appears to
exhibit a dipping geometry, making the 10 km extent a conservative choice to avoid volume
overestimation. However, for the Arad-Timisoara region and the Moesian Platform, no addi-
tional cross sections were available to indicate how the subsurface extends laterally, therefore
the 10 km were treated as a cautious default. To compute the net volumes, a net-to-gross ratio
was estimated for each layer based on the lithological composition described in Section 2 and
assuming equal proportions among the identified rock types. The resulting values are available
in Appendix B.

3.2.2 Estimation of Reservoir Temperatures

Following the volume calculations, reservoir temperatures were calculated for each layer incre-
ment using the formula [63]:
T, = Tietr + Tg : davg (2)

where T, is the geothermal gradient in °C -km~!, and dayg 18 the average depth of the layer.

As the geothermal gradient map was created using a sparse set of data points, it might not
be fully representative of detailed spatial variations. Therefore, one geothermal gradient was
assigned to each region as a representative average, based on its proximity to the areas of inter-
est and using the values reported in [60], namely 28 °C -km ™! for the Transylvanian Basin, 35
°C .km~! for the Moesian Platform, 50.5 °C .km~! for the Oradea-Satu Mare region, and 45
°C -km™! for the Arad-Timisoara region.

3.2.3 Estimation of Recoverable Heat

The volume-related specific heat capacity was estimated using the values in [64], applying the
same assumption of equal distribution of the various lithologies as for the net-to-gross ratio.
This parameter, alongside the previously determined volume and temperature estimates, was
then used to compute the recoverable heat for each vertical increment. The total heat was
obtained by summing the values across all increments within each layer.

3.2.4 Map Creation

The cross sections were georeferenced and the profile of each layer was digitized as a line
shapefile. To account for the lateral extent, a buffer geoprocessing tool was used to generate
polygon layers, representative of the spatial footprint of each unit. The overlap between poly-
gons was visually assessed and manually digitized into a new polygon layer for each region,
with their corresponding values recorded as attribute fields. To enable consistent comparison
between regions and ensure all cross sections were visualized on the same scale, the resulting
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polygon layers were merged.

Although the data was sparse, an interpolation along the areas of interest was performed, to
provide a broad approximation of spatial trends. Random points, spaced at 3 km intervals, were
generated along the centerline of each polygon. The attribute fields of the underlying polygons
were transferred to the points through a spatial join, in order to be representative of the values
at each location. Ordinary Kriging was once more employed to interpolate continuous surfaces,
which were clipped to the boundaries of each area of interest.



18 Chapter 4 RESULTS AND DISCUSSION

4 Results and Discussion

The following section presents the results of the study and their interpretation, beginning with
an analysis of geothermal gradients, followed by the estimation of recoverable heat. The final
part outlines the main limitation of the study and offers directions for future research.

4.1 Geothermal Gradient

The geothermal gradient represents a key parameter in assessing geothermal potential, as it de-
termines how rapidly the temperature increases with depth and, consequently, the drilling depth
required to reach exploitable resources. Shallower depths are more favorable for economic and
technical feasibility, and therefore, high geothermal gradients are preferred for geothermal ex-
ploitation. Their distribution across Romania is shown in Figure 7.
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Figure 7: Geothermal gradient map of Romania. Black dots indicate the locations of the wells
used to determine the geothermal gradients in [00)].

A clear contrast in geothermal gradient values is observed throughout the country. The highest
gradients, exceeding 45 °C -km ™!, are found in the western regions, particularly in the Pannon-
ian Basin. In comparison, the eastern part of the country exhibits the lowest gradients, ranging
between 16 and 22 °C -km~'. Central Romania, which includes the Tranyslvanian Basin, is
characterized by moderate gradients, with values ranging between 25 and 35 °C -km~!. The
notable hotspot east of the basin stands out from the surrounding low-gradient zones and aligns
with the location of more recent volcanic formations in the Eastern Carpathians [65]. In the
south, the Moesian Platform shows internal variation, with its western sector presenting gra-
dients between 22 and 45 °C -km_l, while the eastern sector exhibits ranges between 16 and
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22°C -km™!, consistent with patterns reported in literature [58]. It should be noted that the
map was constructed using a limited data set, and while it provides a useful overview of re-
gional trends, it is insufficient to capture detailed spatial variations, as further emphasized by
the apparent minimal variability in some areas.

The spatial distribution of geothermal gradients broadly aligns with the current pattern of
geothermal energy utilization presented in Table 2. Most operational wells are concentrated
in the high-gradient areas of the Pannonian Basin, while areas such as the western sector of the
Moesian Platform and the Transylvanian Basin show little to no utilization, despite their rel-
atively elevated gradients, which indicate promising opportunities for further exploration. By
contrast, the eastern sector of the Moesian Platform and the adjacent regions show the lowest
geothermal gradients, which are consistent with the absence of known operational wells.

4.2 Recoverable Heat

The total recoverable heat estimated across the study area amounts to approximately 634 EJ.
This estimate covers a total surface area of 5080 km?, distributed among the three main regions.
The Transylvanian Basin accounts for around 171 EJ over an area of 1980 kmz, while the
Pannonian Basin contributes the largest share, with 280 EJ across 1760 km?. The Moesian
Platform has an estimate of 183 EJ over 1340 km?. The spatial distribution of recoverable heat
across these regions is illustrated in Figure 8.
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Figure 8: Spatial distribution of recoverable heat density along the selected cross sections.

To further visualize the heat-in-place distribution, an interpolation was performed using points
extracted along the centerline of the four cross sections. The individual results of the interpola-
tion are illustrated in Figure 9. Similarly to the geothermal gradient map, due to the sparse and
uneven distribution of data points throughout each area, the interpolation does not provide a
fully representative overview of each region. It fails to capture changes in subsurface geometry
or local variations in geothermal gradient. Despite these limitations, the resulting maps offer a
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preliminary indication of areas with elevated geothermal potential, and could serve as motiva-
tion for future studies to explore these regions using more detailed subsurface data and larger
spatial coverage, especially considering the apparent untapped potential.
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Figure 9: Interpolated maps of recoverable heat density for: a) Oradea-Satu Mare region
in the Pannonian Basin, b) Timisoara-Arad region in the Pannonian Basin, c) Transylvanian
Basin and d) western sector of the Moesian Platform.

Since only a fraction of the theoretical estimate of recoverable heat can be utilized effec-
tively, a recovery factor was applied to estimate the technical potential. In the absence of
site-specific data, a value of 1% was used, which is consistent with previous regional or global
assessments[ | 3]. The technical geothermal potential identified in this study is estimated at
0.634 EJ, over a system lifetime of 30 years [|3], which corresponds to an annual average of
0.021 EJ. The total final energy demand for heating and cooling in Romania is approximately
0.580 EJ per year, of which 0.280 EJ is attributed to the residential sector, as of 2015 [2&].
Although the estimate of the current study is based on only around 2% of the country’s surface
area and constrained by the limited subsurface data availability, the result is promising. If sim-
ilar geothermal conditions can be identified across broader regions, geothermal energy could
make a meaningful contribution to meeting Romania’s long term heating demand.

The variation in recoverable heat between regions is primarily driven by differences in geother-
mal gradient. All layers were analyzed up to 3.75 km, which made the maximum tempera-
tures play a key factor in the estimates. The Transylvanian Basin, with the lowest gradient of
28°C -km_l, reached a maximum temperature of around 116 °C. In contrast, the Moesian
Platform had a gradient of 35 °C -km ™!, resulting in a maximum temperature of 141 °C. In the
Pannonian Basin, geothermal gradients were significantly higher, reaching up to 50.5°C -km™!
in the Oradea-Satu Mare area, with corresponding temperatures of up to 200 °C. These values
are nearly double the maximum temperatures reached in the Transylvanian Basin, which fur-
ther highlights the thermal advantage of the western region.
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The geothermal potential of the Transylvanian Basin may have been underestimated due to
the exclusion of key geological factors. Although salt structures were present in the Transyl-
vanian Basin, they were not considered in this study. Rock salt exhibits significantly higher
thermal conductivity at shallow depths compared to surrounding sedimentary rocks, which can
result in localized increases in geothermal gradients above or around salt structures [66]. Sim-
ilarly, volcanic areas located along the basin margins were excluded, and their inclusion in
future studies could highlight additional zones of high geothermal potential [14].

In contrast, the Pannonian Basin may have been subject to overestimation of resource poten-
tial, stemming from the limitations in resolution and clarity of the available stratigraphic data.
The cross sections were based on a publication from 1981, with faded symbols and occasional
unclear boundaries, which required grouping of multiple units into broader intervals to ensure
consistent depth estimation. While this workaround enabled a complete analysis, it may have
led to misidentified layers, overestimated thicknesses, and consequently higher heat-in-place
values in some areas.

The main source of uncertainty in this assessment is related to the estimation of the reser-
voir area. The depths to the top and base of each geological layer were determined visually
from geological cross sections, which varied in resolution and quality. As a result, the inter-
pretation may contain inaccuracies, which could have led to an overestimation of volumes, and
therefore recoverable heat. Additionally, the exact lithological composition of each layer was
unknown, which may have introduced inaccuracies in the estimated net-to-gross ratios and the
specific heat capacity values used. Furthermore, due to the limited data availability regarding
geothermal gradients, a single representative was assigned to each cross section, which made
the resulting temperature estimates uniform along their horizontal profile and potentially less
accurate in capturing local variations, such as those around the salt domes in the Transylvanian
Basin.

A European-scale assessment has estimated the total geothermal resource base in Romania
to approximately 2.4 - 103 EJ, distributed across an area of roughly 240000 km? [67]. The re-
sults of the present study account for only 0.2% of this total recoverable heat, and cover nearly
2% of the country’s surface area. The average heat-in-place density in the European study is
approximately 1000 PJ - km~2, whereas the current analysis indicates a lower value of about
124 PJ - km—2. The difference can be primarily attributed to the methodological differences, as
Vieira et al. [67] do not account for geological variability when estimating reservoir volume,
and rely on grid cell area and a uniform thickness applied throughout the entire territory only.
Additionally, a shallower maximum depth was considered in this study. A maximum depth of
3.75 km was chosen, while the European assessment considered depths of up to 6km, which
encompass significantly higher temperature intervals. While this approach increases theoretical
heat-in-place values, it risks overestimating the feasible geothermal resources. By incorporat-
ing geological constraints, the present study provides a potentially more realistic estimate of
Romania’s average geothermal resource potential.

Using the same approach as the European assessment, Trumpy et al. [68] have estimated an
average of 660 PJ - km 2 of recoverable heat for the South of Italy. The higher order of magni-
tude can once again be attributed to the methodological differences, particularly the simplified
volume estimation, which most likely led to the overestimation of resources.
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Furthermore, in the Netherlands, the recoverable heat reaches up to 0.027 EJ - km =2 [69, 70],
while in the croatian part of the Pannonian Basin it can amount to as much as 1.4 EJ - km ™2 in
isolated locations [71]. The present study, however, estimates a maximum of 0.225 EJ - km2.
While all three studies consider geological layering, the Dutch and Croatian studies rely on
doublet-based modeling that incorporates system specific assumptions, such as fluid extraction
or reinjection. As a result, they focus on specific reservoirs only, and do not evaluate the entire
rock column, as in the current study. The discrepancy in estimates can also be explained by
the differences in geothermal gradients. The Dutch study applies a geothermal gradient of 30
°C -km~!, while the Croatian study uses a maximum gradient of 72 °C .km~ !, which is almost
22 °C -km~! higher than the gradient associated with the maximum recoverable heat presented
in this study. Moreover, the Dutch analysis includes a recovery factor when estimating the po-
tential recoverable heat.

4.3 Future Outlooks

The main limitation of this study was the lack of available subsurface data. Information from
geothermal, oil, and gas wells, such as temperature measurements or lithological descriptions,
collected by the National Agency of Mineral Resources, are not publicly available. Because of
this, the analysis relied on geological cross sections, scarcely available in literature, which re-
stricted the investigation to a limited part of the country. Future studies would benefit from bet-
ter access to well data, particularly from existing exploration and production wells. Although
collaboration with national institutions or companies holding this information was attempted,
access could not be obtained for the purpose of this study. Future efforts to acquire such data
could help expand the geographic scope and improve the accuracy of the results.

The lack of detailed subsurface data also required the use of generalized reservoir parameters,
such as specific heat capacity, net-to-gross ratios, and geothermal gradients, that were applied
uniformly across all regions. These simplifications introduce uncertainty, as such properties
vary with lithology, depth, or geological conditions. Future research should integrate detailed
lithological and stratigraphic data, as well as a broader set of geothermal gradients, to assign
more realistic, location specific reservoir properties.

With improved data availability, future assessments could also transition from 2D cross-sectional
interpretations to more advanced 3D geological modeling. This would allow for better repre-

sentation of subsurface variability, reduce the reliance on interpolation, and improve accuracy

of volume and temperature estimates. Developing a centralized geothermal data platform and

encouraging institutional collaboration would be critical steps toward enabling these improve-

ments.

Despite the limitations of the current analysis, the results indicate that Romania holds consid-
erable geothermal potential, even across a small and data limited portion of its territory. This
suggests that future investigations could uncover substantial untapped resources, and expand-
ing this line of research would be a detrimental step toward reducing fossil fuel dependency
and meeting national heating demands through sustainable means.



Chapter 5 CONCLUSIONS 23

5 Conclusions

Romania has significant geothermal resources, yet their overall utilization remains limited, with
most applications being found in the western part of the country. The scope of this study was
to assess the geothermal resource potential of Romania, by constructing a geothermal gradient
map and applying a volumetric heat-in-place approach to estimate the theoretical maximum
amount of heat that could be extracted from reservoir rocks. The analysis focused on the three
main sedimentary basins in the country, namely the Pannonian Basin, the Transylvanian Basin,
and the Moesian Platform, as sedimentary basins are known to have favorable conditions for
geothermal development.

The geothermal gradient map showed a clear contrast across Romania, with the Pannonian
Basin exhibiting the highest values, exceeding 45 °C -km~!. The spatial distribution of
geothermal gradients broadly aligns with the current geothermal applications, but highlights
high potential areas with little to no utilization in the Moesian Platform and the Transylvanian
Basin. Since the map was created using a relatively low number of gradients, it provides a gen-
eral approximation of regional trends, and future studies should include a broader set of data

points to capture more detailed spatial variations.

As for recoverable heat, the total estimate was approximately 634 EJ, across a surface area
of 5080 km?. The Pannonian Basin had the highest contribution with 280 EJ across 1760 km?,
followed by the Moesian Platform at 183 EJ over 1340 km?. The Transylvanian Basin ac-
counted for around 171 EJ over an area of 1980 km?. The variability in values were primarily
attributed to the variation in geothermal gradients across the three regions. Overestimation of
the potential could be attributed to the generalization and uniform application of reservoir prop-
erties, such as geothermal gradients, specific heat capacities, and net-to-gross ratios, due to the
absence of site specific data. Additionally, the quality and resolution of the geological cross
sections, combined with their visual interpretation, could have contributed to the overestima-
tion of layer areas, and consequently the recoverable heat estimate. Since the main limitation
of the study was the limited data availability, future research should focus on acquiring data
from geothermal, oil, or gas wells, in order to expand the geographic scope of the assessment
and increase the accuracy of the results. Despite the limited spatial coverage and lack of site-
specific data, the study identified an annual technical potential of 0.021 EJ, which represents
roughly 4% of Romania’s yearly heating and cooling demand.

In comparison with a European assessment, which reported an average of 1000 PJ - km 2, the
present study offered a more grounded estimate of 124 PJ - km ™2, by incorporating geological
constraints. While the European approach relied on uniform reservoir thicknesses and over-
looked geological variability, the current analysis considered the stratigraphy, lithology, and
regional depth limitations of the formations, offering a more realistic result.

These promising results, obtained from only around 2% of the country’s surface area, indi-
cate that Romania holds considerable untapped geothermal resources. Expanding this line of
research could play a key role in reducing fossil fuel dependency and supporting the long term
heating demands of the country.
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Appendices

A Raw Data

The raw data from the investigated cross sections is available in the following google drive:
Raw Data

B Area and Volume Calculations

The regional areas and volumes for each increment are available in the following google drive:
Areas and Volumes

C Python Source Code

The Google Colaboratory notebook can be accessed through the following link: Area Code


https://drive.google.com/drive/folders/1dFUoB25d0k0FeSuBlLl512xYtbLiOH_x?usp=sharing
https://drive.google.com/drive/folders/1VGAuj-ISqlT_GYC0fAASgFTaeFXWnnh4?usp=sharing
https://drive.google.com/drive/folders/1NtTR78IOXd6uX7y42GnNqpUNUZWu2a-S?usp=sharing
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