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Preface
Geothermal energy is a highly important resource and as such has a key role to play in
the energy transition from fossil fuels to renewables. By replacing fossil fuels, especially
in the heating sector, it has a fundamental role
in reducing the energy import dependency of
many countries that at present rely on single
suppliers (e.g. gas from Russia); it will thus improve the security of supply. Furthermore, as a
green energy resource it also contributes significantly to the reduction of greenhouse gas
emissions and assists the efforts of to mitigate
the negative effects of climate change.
The Pannonian Basin extends across eightcountries in Central and Eastern Europe and is

well-known for having a highly favourable
geothermal potential, given its geological conditions and being rich in thermal water. This
water has already been widely used for a long
time now: for recreational–balneological purposes, in the agriculture sector, and to a lesser
extent in the heating of buildings. most of the
large geothermal aquifers of this deep sedimentary basin can be distinguished by their
regional geological structures. In most cases
the extensive nature of these structures means
that they are shared by neighbouring countries and thus significant basin-scale, cross-border groundwater flow occurs. Concomitantly,
there are unfavourable effects associated with
excessive thermal water production in that it

Schematic diagramme of the regional thermal groundwater flows in the Pannonian Basin
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might affect other, more distant parts of a particular geothermal aquifer, these parts perhaps being situated in another country.
with respect to excessive thermal water production, there is clearly a challenge to be faced
in fostering the sustainable utilisation of the existing — albeit still largely untapped — deep
geothermal resources situated in the southern
part of the Pannoninan Basin. These resources
are shared by several countries. In order to
meet the challenge, over the last 3 years 15 partners have been working together in the
DARLINGe project (Danube Region Leading
Geothernal Energy). Together, the partners represented geological surveys, universities, industry, regional energy and development agencies,
and ministries and municipalities; they were assisted by 7 Associated strategic Partners from
Hungary, slovenia, Croatia, serbia, Bosnia and
Herzegovina, and Romania.
The specific objectives of the project were:
— to identify and characterise potential
geothermal reservoirs on a regional scale,
based on the harmonised geoscientific
data of the participating countries; such
data could then be matched with heat demands to indicate the potential areas for

further development in places where resources already meet existing needs,
— to assess current thermal water utilisation practice in a complex way and —
based on good practices and identified
weaknesses — make recommendations for
further utilisation, especially with respect to
helping the penetration of energy efficient
cascade systems (i.e. where users are sequentially linked according to their decreasing heat demand),
— to establish a market-replicable tool-box
consisting of different complementary
methods for the sustainable management
of geothermal resources and project developments, and to test these on cross-border
pilot areas,
— to overview and assess the non-technical
aspects of geothermal utilisation as well,
such as the regulatory frameworks, economic circumstances, and market conditions,
— to develop an interactive web-site — the
so-called Danube Region Geothermal Information Platform (DRGIP) — where all
the key findings of the project will be made
accessible to the wider public in a userfriendly way (https://www.darlinge.eu),
— to advance stakeholder cooperation
that will foster geothermal developments,

The DARLINGe project area (red contour) with 3 cross-border pilot areas (light green
parts)
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and to create a strong geothermal value
chain.
The investigated area covered the central and
south-eastern part of the Danube Region, encompassing the following regions: (a) southern Hungary (south-Transdanubia and the
southern part of the Great Plain), (b) northeastern slovenia (Pomurje and Podravje), (c)
northern Croatia (međimurje, Hrvatsko
zagorje, Podravina, Posavina, moslavina,
slavonia), (d) western Republika srpska and
the central and northern parts of Bosnia and
Herzegovina, (e) northern serbia (Vojvodina)
and (f) western Romania (Crisana and Banat).
Together these regions cover 99,372 km2. In
geological-geographical terms the project
area is situated at the southern part of the
Pannonian Basin: it is bordered by the Dinarides in the west, the Apuseni mountains and
the southern Carpathians in the east, whilst
the mecsek mountains and the Zala Hills constitute the north-western boundary. with respect to relief, the bulk of the region comprises
lowlands, but in some places the lowland regions are separated by hilly territories and
smaller inselbergs (e.g. Fruška Gora and the
Vršac mountains in serbia; the Villány mountains in Hungary; and medvednica, strahinjščica, Ivanščica, Kalnik, Bilogora, Požeška

Gora, Psunj, Papuk, Krndija and Dilj in Croatia).
within this large territory, three cross-border
pilot areas were selected for more detailed
studies (a) at the slovenian–Hungarian–Croatian tri-border, (b) at the Hungarian–Romanian–serbian tri-border and (c) one between
Bosnia and Herzegovina and serbia.
This book summarises the key results of the project with the aim of presenting a comprehensive
overview about the overall work and the main
achievements. For technical details the reader is
recommended to check the specific reports
which are all available in a downloadable
format at the project website (www.interregdanube/approved projects/darlinge).
we wish you pleasant reading and hope that
within these pages you too, will come to see
that our work represents an enormous optimism which could truly become reality with respect to geothermal energy in the project
countries. we have made the maximum effort
to demonstrate that geothermal energy can
be a great, benign resource in our own time
and, perhaps more important, for those who
will follow us.

The DARLINGe team

7

8

1. Introduction

Annamária NÁDOR
Tamás MEDGYES
János SZANYI

GEOTHERMAL ENERGY
Geothermal energy — by definition — is the energy stored in the form of heat in rocks and in
vapours or liquids trapped in rock pores and
fractures under the surface. The continuous renewal of geothermal energy is fed by the decay
of radioactive isotopes found in the Earth’s
crust, and reaches the surface via constant terrestrial heat flow. The heat content of the Earth
is enormous: 99% of our planet’s temperature
is above 1000 °C, but inaccessible to us. Hence,
the term “geothermal energy” is most often
used to indicate that rather small fraction of
the Earth’s vast total heat volume that can, or
could, be recovered and exploited by humans
using ever more sophisticated technologies.
Geothermal energy has been a source of energy to humankind since the dawn of civilisation. For centuries, hot springs have been used
for bathing and therapeutic healing at numerous places all over Europe (Figure 1.1).

The phenomena that the temperature increases with depth was first discovered in the
16–17th centuries when the first mines were excavated a few hundred metres below ground
level, and people had first hand physical sensation of the rising temperatures. To quantify this
phenomenon the term “geothermal gradient”
was introduced, which expresses the increase
in temperature with depth in the Earth’s crust.
In continental areas the average geothermal
gradient is 33 °C/km, while in tectonically active
or volcanic regions it can be as much as 500
°C/km. By this rationale most geothermal exploration and use occur where the geothermal
gradient is higher than average (Iceland, Hungary, Turkey, New Zealand, Kenya, Indonesia,
Philippines etc.).
There are several ways to classify geothermal
energy. One obvious ways is according to the
temperature of the geothermal fluid. Hightemperature (or high enthalpy) resources are
generally over >150 °C and are linked to a welldefined heat source, mainly magma chambers
located at shallow depths. These systems produce steam and are excellent for power generation purposes, however their extent is quite
limited compared to the medium-low temperature resources, which are available on much
larger areas, and their heat source is primarily
the Earth’s heat flux. Medium enthalpy resources are usually characterised by geothermal fluids with temperatures between
150 °C and 100 °C, while low enthalpy ones —
characteristic for the DARLINGe project area
— have temperature less than 100 °C.
The direct utilisation is the oldest and most
versatile way to harness medium and low enthalpy geothermal energy. Current trending
direct uses are widespread in heating systems
working directly or through heat pumps,
aquaculture, drying crops, growing plants and
vegetables in greenhouses, various processes
of the paper and the cement industry, food
processing, brewing, dyeing of fabrics, snow
melting, cooling spaces and balneology,
among others.
Geothermal energy has many advantages:

Figure 1.1. Baths of Caracalla by Lawrence Alma
Tadema
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— it is a renewable energy source, which is
local,
— it is widely available, since underground
heat is global,
— it is a base-load energy source, it provides
24/7 delivery with predictable outputs irrespective of weather conditions,

— it has huge untapped potential which can
boost economic growth,
— it has numerous applications: in addition
to power generation from very high temperature fluids and vapours, geothermal heating
can supply energy at different temperatures
from low (15–20 °C) to high (100 °C or above).
Furthermore multiple applications can be
optimised by cascade-users of heat at progressively lower temperatures,
— its different loads (base load, or flexible
adjusted to the actual demand) and capacities can be matched to different demands
(from a few kWth to tens of MWth), thus providing extra flexibility for operators,
— it can be combined with other energy
sources to increase efficiency,
— it has a low environmental footprint, as a
resource it is invisible.

GEOTHERMAL HEATING —
“THE HEAT UNDER YOUR FEET”

After utilisation, the used and cooled thermal
fluid can be discharged:
— into a sewage or rainwater system,
— into an open surface channel (preferably
through a cooling tank),
— into streams, or rivers,
— returned back into the aquifer (reinjected).
The possible consequences of surface discharge can be:
— the salinisation and increased thermal
load of natural surface waters, possibly
along with methane and carbon-dioxide
emissions from the associated gases of the
thermal water (Figure 1.2),
— a decrease of the thermal water resources and of the reservoir energy; these
respective decreases may be reflected in a
signif icant reduction of the water level
and/ or a fall in pressure in the production
wells.

There are two ways of extracting geothermal
energy from the ground for direct use (i.e. heating purposes):
— by heat recovery (closed loops at various
depths, i.e. deep geoprobes),
— by extracting thermal water.
The extraction of thermal water can happen in
two different ways:
— During direct thermal water utilisation
the extracted fluid is used in the heat exchangers of the consumers (i.e. the extracted thermal water itself is circulated in
the heating system). This can happen if the
thermal water has favourable chemical
properties, e.g. it has a low content of dissolved material and thus does not cause
scaling, it is not corrosive, or it has low free
gas content.
— During indirect thermal water utilisation,
the primary geothermal loop transfers the
heat via heat exchangers to a secondary
heating loop circulating “clean” water; it is
the latter which provides the heat for consumers. This solution is preferable when the
extracted thermal fluid cannot be fed directly into the heating system due its unfavourable chemical characteristics (e.g. it
has a high content of dissolved material, or
an “aggressive” composition).

Figure 1.2. Chemical and thermal pollution of a
surface stream by outflowing thermal water

11

However, by using reinjection into the same geothermal aquifer these problems can be eliminated. Consequently, production becomes
renewable and sustainable from the water-balance point of view; furthermore, it also becomes
sustainable with respect to energy, since the
reservoir is replenished and the reinjected cool
water warms up again in the subsurface if the
flow rates are not too large (Figure 1.3).
In the countries of the DARLINGe pro-ject, the
typical outflow temperature of thermal water
wells is 60–110 °C. This makes it possible to satisfy the heat demands of different consumers
at different temperatures. It is always a customary process to match the energy source
(geothermal fluid with a certain flow rate and
temperature) and the local energy needs
(heating/cooling with certain temperature levels and variance vs. time).
Typical cases of geothermal energy usage for
heating purposes are the following:

Figure 1.3. Wellhead of a reinjection well Mla–2 in
Zagreb

a) Geothermal district heating (geoDH): this
is frequently found in big cities with an existing district heating network and heating
stations, originally fed by fossil fuels. In some
cases these systems (or parts of them with
certain heat loops) are supplied by thermal
water (Figure 1.4). Thermal water town heating systems: in these systems a few build-

Figure 1.4. Schematic diagram of a geothermal district heating system
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Figure 1.5. Geothermal heating of a greenhouse

ings (typically public buildings, such as the
town hall, hospitals, schools, libraries, etc.)
are heated by thermal water through a specially designed thermal water pipeline loop;
the latter connects the production well, the
buildings and — in most cases — a reinjection well. These systems are usually operated by municipalities, or municipallyowned companies, and there are no separate energy service companies (ESCO). Normally, such systems do not have capacities
that are high enough to supply 100% of the
heat demand, especially on the cold winter
days, so the fossil fuel-based (typically gas,
or coal) boilers of the individual buildings
are necessary. In the DARLINGe area thermal water town heating systems are more
prevalent than geoDH systems.
b) Individual space heating: this is common
in spa complexes where the heat content of
the produced thermal water for balneology
is used to heat the associated buildings
(most commonly through heat exchangers).
These systems often lack reinjection wells, although the thermal water used solely for the
heating could be reinjected (in contrast with
the water used for swimming). Often, some
of the water is also used for sanitary water
heating, or as the sanitary water itself.
c) Agricultural use: in this particular area thermal water can be used for a great variety of
purposes: heating of greenhouses, plastic

tents/polythene tunnels, stables, hatcheries,
soil heating, fish farming etc. In most of such
cases there is only a single production well
and the used water is discharged into surface
recipients (but the possibility for reinjection is
available) (Figure 1.5).

CASCADE USE — EFFICIENT
UTILISATION
OF GEOTHERMAL ENERGY
In older geothermal systems the facilities to be
heated are able to use only a part of the thermal content of the medium and thus, on frequent occasions, the discharged fluid is still
hot. One of the aims of the new systems is to
try to order the consumer network into cascade systems, which multiplies the economics
of a project. This means that heating circuits
with various temperature differences are
aligned in the system in order to maximise the
specific heat capacity of the thermal water. The
secondary medium of one district appears as
the primary medium in another district, in line
with the lowering of temperature demand. This
cascade system guarantees the most efficient
utilisation of the heat content of the extracted
thermal water (Figure 1.6).
For example, in the case of a 120 °C thermal
fluid, the first consumer with the highest heat
13

Figure 1.6. Cascaded use geothermal energy for heating: various users are sequentially linked according to decreasing temperature demand

demand may be an industrial user. In the next
stage, the fluid cooled to around 90 °C may be
fed into a geothermal district heating system
calibrated to a temperature range of 90/70 °C.
Greenhouse heating can be also linked to the
system, followed by individual space heating
with modern floor, wall or hot-air heating;
these can be made suitable for the complex
utilisation of a heating medium ranging
between 45/35 °C. Other agriculture uses, such
as heating of stables, hatcheries also fall in this
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temperature interval. After such installations,
facilities with lower heat demand, e.g. sports
halls or underground parking lots can be linked
to the grid that can be heated through a temperature range of 35/25 °C. The “outgoing” fluid,
with a temperature around 25 °C, can still be
used for frost and snow removal, with warm
pipes installed below the pavements of public
areas, or in fish farming. Finally, the used fluid
that had lost its heat content is reinjected into
the original geothermal reservoir.

2. Policy and regulatory
context of geothermal
energy use

Annamária NÁDOR
Lidia Lenuța-BăLan
Péter GyöPös
Dejan MiLenić
Joerg Prestor
natalija saMarDžić
Boban JoLović
ivana BoBovečki
Zsuzsanna BáLintné-vörös
Henrietta Benkő

EuroPEan Policy framEwork
Geothermal energy, as an important renewable
energy resource, plays a key role in making energy more secure, affordable and sustainable.
This is in line with the overall goals of the EU
energy and climate policy framework, the most
important elements of which are summarised
below.
The EU imports more than half of all the energy
it consumes. Its import dependency is particularly high for crude oil (90%) and natural gas
(69%). Many countries (including most of the
DARLINGe countries) are also heavily reliant on
a single supplier for their natural gas — namely,
Russia. This dependence leaves them vulnerable to disruptions of supply.
In response to these concerns, the European
Commission released its Energy Security Strategy in May 2014. The Strategy aims to ensure a
stable and abundant supply of energy for European citizens and the EU economy as a
whole; it includes proposed actions in five key
areas to ensure security with respect to longterm supply challenges. One of these five areas
targets the further deployment of renewables.
The 2030 framework for climate and Energy
has defined EU-wide targets and policy objectives for the period between 2020 and 2030.
The targets are:
— a 40% cut in greenhouse gas emissions
compared to 1990 levels,
— renewable energy resources to have at
least a 27% share in consumption,
— indicative target for an improvement in
energy efficiency at EU level of at least 27%,
— support the completion of the internal
energy market.
This new approach (involving targets which
refer solely to the EU level and not translated
into binding national targets as in the 2010–
2020 period) needs to build on the Energy
union Governance and member States’ national Energy and climate Plans for the period
up to 2030. These plans are expected to include
national contributions towards the EU-level renewable energy target. In addition, the new
framework will also enable collective delivery
to be done without preventing Member States
from setting their own — possibly more ambitious — national targets. These targets aim to
help the EU achieve a more competitive, secure and sustainable energy system and to
16

meet its long-term 2050 targets for greenhouse gas (GHG) reductions — i.e. reducing EU
GHG emissions by 80% by 2050.
The Energy union strategy adopted in 2015
builds further on the 2030 Framework for Climate and Energy and the Energy Security
Strategy, and paves the way for a transition to
a climate-neutral economy, in line with the
2015 Paris agreement. The overall aim of the
Energy Union is to facilitate the free flow of energy across borders and a secure supply in
every EU country, and to make the consumer
the central concern. It will lead to a sustainable,
low carbon and environmentally-friendly economy, putting Europe at the forefront of renewable energy production, clean energy
technologies, and the fight against global
warming. The Commission has proposed a
number of measures to achieve these goals,
most recently the ‘clean Energy for all Europeans’ package of measures of November 2016.
This focuses on three overarching goals: (a) energy efficiency first, (b) Europe as a leader in renewables, and (c) a fair deal to consumers.
Given the strong links of the DARLINGe project
to geothermal heating, the Eu Strategy for
Heating and cooling also has to be mentioned.
In EU households, heating and hot water alone
account for 79% of total final energy use (192.5
Mtoe) while in industry 70.6% of energy consumption (193.6 Mtoe) is used for space and industrial process heating. 84% of heating and
cooling is still produced by the combustion of
fossil fuels (oil, gas and coal). This has a damaging environmental impact, associated with
greenhouse gas emissions and resource extraction processes. It also raises strong concerns
about the security of supply: residential buildings in the EU consume up to 61% of all net imported gas, mainly from Russia (Figure 2.1).
Although the current policy framework foresees an increase in the use of renewable energy in the heating sector of up to 21.4% in
2020, post-2020 the sector will remain dominated by imported fossil fuels.
In order to fulfil the EU’s climate and energy
goals, the heating and cooling sector must
sharply reduce its energy consumption and cut
its use of fossil fuels. To face these challenges
the Commission proposed an EU heating and
cooling strategy in 2016. At that time it was appreciated that various EU instruments already
had relevance for heating and cooling: e.g. Energy Efficiency Directive, Energy Performance

Figure 2.1. Gas consumption in residential buildings in 2012. Source: Joint Research Centre,
“Energy Renovation, the trump card for the new start for Europe”, March 2015

of Building Directive, EU Ecodesign and Energy
labelling framework, Renewable Energy Directive, and the EU Emissions Trading System.
However, although these instruments provide
specific measures for regulating or influencing
heat consumption or production, for the most
part they only target heat indirectly. The Strategy provides a framework for integrating efficient heating and cooling into EU energy
policies by: (a) focusing actions on stopping the
energy leakage from buildings, (b) maximising
the efficiency and sustainability of heating and
cooling systems, (c) supporting efficiency in industry and (d) reaping the benefits accruing
from the integration of heating and cooling

into the electricity system. Its accompanying
working document refers directly to the importance of geothermal district heating and its
large untapped potential, especially in the Pannonian Basin region (DARLINGe project area).
In addition to the aforementioned key strategic
documents, the main EU regulations affecting
the geothermal energy sector are connected to
protocols on energy, water and environment.
These are introduced briefly below.
The most important energy-related regulation
is the Directive 2009/28/Ec on the promotion
of the use of energy from renewable sources
(RES). This Directive establishes a common
17

framework for the promotion of energy from
renewable sources. It favours the rapid increase
in the share of renewables from 10.4% in 2007
to 17% in 2015.
In relation to deep geothermal energy for heating, the RES Directive (a) defines geothermal
energy (Art 2 [c]), (b) sets mandatory national
targets for the overall share of energy from renewable sources in gross final energy consumption [Art 3], (c) prescribes the adoption of
the national renewable energy action plan
(NREAP) for each Member State [Art 4], (d) requires Member States to streamline and rationalise relevant administrative procedures (Art
13 [1]), (e) recommends all actors to consider the
installation of equipment and systems for the
use of electricity/heating-cooling from renewable energy sources when planning local infrastructures (Art. 13 [3]), and (f) to introduce,
where appropriate, minimum levels for the use
of renewable energy in buildings (e.g. geothermal district heating) (Art. 13 [4–6]).
In 2016, the Commission published a proposal
(COM [2016] 767 final/2) for a revised renewable Energy Directive (rED ii). The recast of the
RES Directive was necessary because EU energy system projections indicated that if no
new policies were put in place, the then existing policies of the EU and its Member States
would only lead to approximately 24.3% renewable energy consumption in 2030. This figure
would be well below the at least 27% EU levelbinding renewable energy target, and would
prevent the Union from collectively delivering

18

on the commitments made in the 2015 Paris
Agreement. At the same time, and in the absence of an updated regulatory framework,
there would be a risk that greater differences
within the EU could arise, whereby only the
best-performing Member States would continue the increasing trajectory in the consumption of renewables. Furthermore, those
Member States lagging behind would have no
incentive to increase their production and consumption of renewable energy and this would
further distort the internal energy market. This
is also relevant for the DARLINGe countries, albeit with significant disparities between them.
The main provisions which substantially
change the former RES Directive, or add new
elements are the following (those listed that
are only relevant for deep geothermal energy):
— Article 3 sets out the 2030 EU target. It establishes the 2020 national targets as a
baseline (i.e. Member States cannot go
below the 2020 national targets from 2021
onwards).
— Article 4 lays down the general principles
that Member States may apply when designing cost-effective support schemes to
facilitate a market-oriented and European
approach, subject to State aid rules.
— Article 15 includes a new calculation
methodology (anchored on the Energy Performance of the Buildings Directive) to be
applied to minimum levels of energy from
renewable sources in new and existing
buildings that are subject to renovation.

The EU Directive 2010/31/Eu on energy performance of buildings applies to new and existing buildings undergoing major renovation:
this requires high-efficiency alternative systems (e.g. geothermal district/block heating) to
be considered before construction. All new
buildings owned, or occupied by public authorities must become “nearly zero-energy” by the
end of 2018, and all new private buildings by
2020.
According to the Eu Directive 2012/27/Eu on
energy efficiency, Member States have to setup energy efficiency obligation schemes to
achieve new savings each year of 1.5% of the annual energy sales to final customers. In order
to improve energy efficiency, Member States
must assess the potential for the application of
high-efficiency cogeneration and efficient district heating and cooling systems. This should
also pave the road for the application of various
geothermal technologies.

— Article 16 establishes a permit-granting
process for renewable energy projects with
one designated authority (“one-stop-shop”)
and a maximum time limit for the permitgranting process.
— Article 23 aims to exploit the potential for
renewables in the heating and cooling sector, ensuring a cost-efficient contribution of
the sector to the achievement of targets,
and to create a larger market for renewable
heating and cooling across the EU. Accordingly, Member States will endeavour to
achieve an annual increase of 1% in the share
of renewable energy in the heating and
cooling supply. Member States will decide
how to implement this aim.
— Article 24 empowers energy consumers
by providing them information about district heating energy performance. This will
enable them to stop buying heat/cold from
a district heating/cooling system serving
their building/place of residence if they (as
consumers), or a party on their behalf, can
achieve a significantly better energy performance. It also means that local heating
and cooling systems can be served by producers dealing with renewable heating and
cooling systems and concerned with waste
heat or cold.

Among the water-related regulations, the
most important is the water framework Directive (2000/60/Ec), whose ultimate goal is to
achieve/maintain the good quality and quantity status of (groundwater) bodies by 2015 (“environmental objectives”). Considering that
geothermal aquifers can also be seen as (parts
of) groundwater bodies, their good quality (hydrogeological composition) status and quantity (amount) status are essential for ensuring
the sustainable production of thermal water
(i.e. the carrying medium of geothermal energy). The “good quantity” status means that
the available groundwater resource is not exceeded by the long-term annual average rate
of extraction (no overexploitation). “Good quality” status means that there are no effects of
saline or other intrusions, and water chemistry
values do not exceed the Community quality
standards. Provisions related to groundwater
quality are further emphasised in the Groundwater Directive 2006/118/Ec.
Reinjection, as an important aspect of thermal
water utilisation for direct use purposes, is addressed in several water-related pieces of legislation. Art. 11 of the Water Framework Directive
give Member States the option to authorise the
reinjection into the same aquifer of used geothermal water as long as it does not compromise
the environmental objectives (i.e. good quality
status). National governments have the competence to decide whether reinjection of the geothermal fluids is required. The Groundwater
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flora), and should establish the ‘polluter-pays’
principle to prevent damage and/or remedy
environmental damage caused (Directive
2004/35/EC on environmental liability). According to the EIA Directive, the national authority
determines whether, and which geothermal
projects should be subject to an environmental
impact assessment.

EnErGy Policy at
macro-rEGional lEvEl in tHE
DanubE rEGion
In order to increase growth and strengthen
cooperation at macro-regional level, the socalled “macro-regional strategies” are of utmost importance in the EU policies. As such,
the EU Strategy for the Danube Region
(EUSDR) was adopted in 2011, during the Hungarian EU presidency. Since its creation, the
Strategy has aimed at forming synergies and
coordination between existing policies and
initiatives taking place across the Danube Region when tackling common challenges and
sharing common benefits.
Directive includes principles for the assessment
of good groundwater chemical status and criteria for the identification and reversal of significant and sustained upward trends. Reinjection
of water into aquifers is also mentioned in Articles 4, 6, 10 and 17 of the Directive 80/68/EEc on
the protection of groundwater against pollution caused by certain dangerous substances.
Accordingly, Member States may, after prior investigation, authorise reinjection of water used
for geothermal purposes into the same aquifer
(on a case-by-case basis) only if there is no risk
of polluting the groundwater. With regard to
discharges into transboundary groundwater
aquifers, the competent authority of the Member State which intends to grant authorisation
for such discharges shall inform the other Member States concerned before authorisation is issued.
Environmental-related Eu legislation is not
geothermal-specific, and rather it ensures that
plans, programmes and projects likely to have
significant effects on the environment are subjected to an environmental assessment prior to
their approval or authorisation (Directive
2011/92/EU on Environmental Impact Assessment — EIA). Such projects should not threaten
natural habitats (Directive 92/43 on the conservation of natural habitats and of wild fauna and
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The region comprises 14 countries altogether:
nine EU member states (Austria, Bulgaria, Croatia, Czech Republic, Germany, Hungary, Romania, Slovakia and Slovenia), three accession
countries (Bosnia and Herzegovina, Montenegro,
Serbia) and two neighbouring countries
(Moldova and Ukraine) (Figure 2.2). There are significant economic and social inequalities, and
other disparities within this region. However, the
cooperation in the framework of the EUSDR
aims to facilitate sustainable economic growth,
and to reduce regional differences between
countries.
The EUSDR has 4 pillars and 11 priority areas
(PA) to harmonise the development policies
within this heterogeneous macro-region.
Within the scope of these policies Priority Area
2 (PA2: ‘To encourage more sustainable energy’) — coordinated by Hungary and the
Czech Republic — deals with energy issues.
In line with the Energy Union Strategy, the key
challenge to be addressed in the Danube Region in the field of energy is to provide secure,
affordable and sustainable energy. To reach this
goal the PA2 has been working along the lines
of 3 main targets: (1): To help achieve national targets based on the Europe 2030 climate and energy targets, (2) To remove existing bottlenecks

Figure 2.2. Countries of the EUSDR

in energy to fulfil the goals of the Energy Union
within the Danube Region, and (3) To better interconnect regions by joint activities with relevant initiatives and institutions.
Geothermal energy, as a rich, but still largely
untapped renewable energy resource in the
Danube Region, has been given special attention during the past few years of the EUSDR,
mostly due to DARLINGe project activities and
results.

EnErGy PoliciES at national
lEvElS in tHE DarlinGE
countriES, witH SPEcial
attEntion to rEnEwablES
Table 2.1 summarises the key energy figures of
the DARLINGe countries. It shows that all countries are dependent on energy imports to various extents, with a significant dependency on
petroleum and gas in Hungary and solid fuels
in Serbia. Renewables have a subordinate role
in the final energy consumption, however the
2020 target numbers are ambitious.
Out of the participant countries, bosnia and
Herzegovina has the most complex policy sys-

tem. The partly independent regions — called
“Entities” (Federation of Bosnia and Herzegovina and Republic of Srpska and the Brčko District) — are responsible for their energy policies.
At state level the Ministry of Foreign Trade and
Economic Relations of Bosnia and Herzegovina
(MOFTER B&H) is responsible for overall energy
issues and coordination with respect to international integration and obligations.
Based on the Action Plans of the two Entities
and aimed at implementing the RES Directive
(2009/28/EC), MOFTER B&H developed a “Renewable Energy Action Plan of Bosnia and
Herzegovina” (NREAP B&H), adopted in 2016.
This has a binding target of a 42% share of energy from renewable sources in gross final energy consumption in Bosnia and Herzegovina
in 2020. In the heating and cooling sector, an
increase in the share of renewable energy
sources is envisaged, from 805.8 ktoe in the
baseline year to 1,085.2 ktoe in 2020. This will increase the share of energy from renewable
sources from 43.3% to 52.4%, meaning a 9.1% increase. Nevertheless, the NREAP B&H is based
largely on hydro-energy and to a smaller extent
on biomass, solar and wind energy with a subordinate role for geothermal energy (some increase from the current 0.5%) in the heating
sector.
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croatia’s energy strategy was elaborated and
accepted by the Parliament in 2009. The Energy Strategy has been adopted for the period
until 2020. The goals of the Strategy are to build
a sustainable energy system that makes a balanced contribution to the security of the country’s energy supply. It will also contribute to
competitiveness and environmental protection
and will provide for the security and availability
of energy supply to the Croatian citizens and
business sector.
The Croatian total RES target number is 20% by
2020 and predicts a 39% RES share in electricity
production and 19.6% in heating and cooling
from geothermal sources.
The fundamental document underlying Hungary’s energy policy is the “National Energy
Strategy 2030” which was elaborated in 2010–
2011. The main goal of the National Energy
Strategy is to seek ways out of the country’s energy dependency and ensure the long-term
sustainability, security and economic competitiveness of energy supply. The ways to achieve
the above goal include (a) energy savings, (b)
increasing the share of renewable energy
sources, (c) use of safe nuclear energy, (d) the
establishment of bipolar agriculture enabling
a shift between food production and energygeared biomass production, and (e) integration
to the European energy infrastructures. It is
based on the ‘Nuclear-Coal-Green’ scenario.
The increase of the share of renewable energy
in primary energy use from the current 7% to
a figure of nearly 20% by 2030 is a key component of the sustainable energy supply. The estimates for growth until 2020 (the target set
being a share of 14.65% in terms of gross final
energy consumption) are described in detail
in Hungary’s NREAP. In terms of renewable
energy sources, combined heat and power
biogas and biomass power plants and geothermal energy utilisation will be treated as
priorities. The geothermal target number is
16,423 PJ by 2020.
For the modernisation of community district
heating and private heat generation, the competitiveness of the district heating services
must be ensured. For this, technological development and the use of renewable energy
sources are indispensable. The share of the
generation of renewable heat energy within
the total heat energy consumption is expected
to increase to 25% from the current 10% by
2030.
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romania’s national energy strategy for the period 2015–2035 has the following objectives: (a)
security of energy supply and ensuring social
and economic development in the context of
future energy demand; (b) ensuring economic
competitiveness by maintaining an affordable
price for final consumers; (c) protection of the
environment through the limitation of the effects of climate change.
Considering these principles, Romania aims to
establish a diverse and balanced energy mix.
This involves the efficient use of all sources of
primary internal energy, as well as modern
technologies that allow the long-term use of
fossil fuels with a low-emission of greenhousegases, and sources of renewable and nuclear
energy.
The policy framework for 2030 is based on the
full implementation of the 20/20/20 targets;
within this there are new targets, including the
dynamism that underpins the development of
renewable energy sources. The total RES target
is 24% by 2020, of which geothermal energy
will have a share with 3,349 PJ. Romania’s energy strategy for the future will be based on the
following tasks: (a) energy efficiency, (b) efficient systems to support renewable energy, (c)
encouraging research and development, (d)
nuclear energy, (e) hydrogen-based energy, (f)
natural gas as a transition fuel, and (g) full integration into the internal energy market.
In Serbia the Energy Law defines the measures
and activities to be undertaken for achieving the
long-term targets for safe and secure energy in
the future. Among other measures, the following represent the main elements of Serbia’s energy policy: (a) a competitive energy market, (b)
reliable and sustainable energy-related systems,
(c) energy efficiency and the production of energy from renewable energy sources (RES) and
(d) combined electricity and heat production.
Serbia’s target for the share of renewable energy
sources in gross final energy consumption in
2020 is 27% (with 10.2% of RES in the heating and
cooling sector, achieving an increase from 1,059
ktoe to 1,167 ktoe). A 35% RES share in the heating of public and residential buildings by the
year 2020 is projected: the planned figures are
27 % for residential buildings, 5% for public buildings, and 3% for the industrial sector. However,
the use of geothermal energy has a minimal role
in this strategy. In the overall share of RES, geothermal energy also has a subordinate role, with
wind and hydro-power plants and biomass
being given priority.

Table 2.1. Key energy figures of the DARLINGe countries (source: Eurostat)

The new strategies for the ”Energy Concept” of
Slovenia (EKS) and the Long-Term Development Strategy of Slovenia until 2050 are currently under preparation. The EKS outlines a
direction and vision for Slovenia’s energy policy,
although it emphasises that a more concrete
form of measures will be given in future action
plans. Its headline targets for 2020 are (a) the
reduction of greenhouse gas (GHG) emissions
by at least 13%, (b) a 25% share of RES in gross
final energy consumption and (c) 23% primary
energy savings.
The key measures of the EKS are: (a) increasing
energy efficiency, (b) raising awareness among
consumers and the providers of sustainable
supply and energy management, (c) supporting the development of knowledge in the area
of sustainable energy supply and energy management, (d) abandoning fossil resources and
gradually switching to renewable and low carbon sources, and (e) the introduction of advanced energy systems and services.
Geothermal energy does not have a significant
role in the EKS, with only aerothermal and hydrothermal energy being produced by geothermal heat pumps. The EKS points out that
energy and economic analyses of current use

will have to be tested by different scenarios for
each user, together with reinjection possibilities.
In 2017 the Slovenian NREAP 2010–2020 was
updated. The renewed goal for the share of RES
for heating and cooling has been increased to
34.5%, with the overall share of RES in all three
sectors (electricity, heating and cooling, and
transport) remaining at 25%. The renewed
share of electricity has been reduced from
39.3% to 38.6%. Most of the renewable energy
from RES is derived from wood and wood biomass.

national rEGulatory
framEworkS for GEotHErmal
EnErGy uSE in tHE DarlinGE
countriES
Geothermal energy as a natural resource is
state-owned in all countries. However, its utilisation falls under the auspices of several laws:
usually these laws refer to mining, water, and
geological exploration. The use of geothermal
energy by private companies is only possible if
a company has a licence, this being issued by
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various state authorities. While in Bosnia and
Herzegovina, Romania and Serbia the type of
licence is irrespective of the various types of
utilisation, in Croatia different licences apply for
balneology and energy use; in Hungary the
type of licence depends on the depth (down to
2500 m), while in Slovenia licences are differentiated according to whether the used water is
reinjected or not. The duration of licences for
exploration varies between 2 to 5 years, whilst
exploitation licences are generally valid for 20
to 50 years. Although different types of environmental licences for geothermal projects are required in all DARLINGe countries, their contents
and conditions vary — e.g. they can be based
on the size of the project, or on the amount of
the exploited thermal groundwater, etc. However, none of the DARLINGe countries have any
binding regulations with respect to reinjection.
Further details and comparisons among the
national regulatory frameworks are available
under the “Legislation module” of the Danube
Region Geothermal Information Platform at
the https://www.darlinge.eu.

Policy outlook
Renewables in general have a well-articulated
role in the clean energy transition embodying
the EU climate and energy framework package.
The goals and performance of this package are
thoroughly and continuously monitored and
amended if necessary by the Commission and
relevant organisations. Among renewables,
geothermal energy and its application for heating purposes is also relatively well-positioned.
However, it is important to further strengthen
the essential role of geothermal energy in the
European energy transition. Provisions supporting geothermal technologies as solutions for
the decarbonisation of the heating and cooling
sector, and for district heating services or industry uses are of utmost importance.
In order to alter the trajectory at EU level, first
of all clear political objective and structural reforms are needed to replace natural gas consumption with local renewable energy. This is
where geothermal energy becomes important,
and a focus should be placed on it within national energy strategies. This is also the case for
all DARLINGe countries. These countries have
similar goals in their national energy strategies,
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which mainly address security of supply, competitiveness and sustainability, environmental
protection, and an increase in energy efficiency
by using renewable energy sources. However,
geothermal energy per se is either not mentioned at all (despite its highly favourable potential), or the target numbers in connection
are not ambitious enough, and are growing
more slowly than expected.
The current regulatory environment for the
heating and cooling sector, which represents almost half of the EU energy consumption, does
not incentivise the cost-optimal deployment of
renewables. This refers to a lack of regulated
prices for gas and electricity, no carbon pricing
in the heat sector, and the slow opening and
protection of the gas markets. Therefore a more
efficient policy framework — including binding
measures — should be introduced. These measures should stimulate switching from fossil fuels
to renewable heating and cooling, and hot water
generation in the large number of households
with individual heating equipment. Such actions
would build on, and interact with energy efficiency measures.
When discussing conventional deep geothermal energy resources (like in the DARLINGe
project), the carrying medium of the heat is
groundwater. This means the utilisation of geothermal energy happens with the extraction of
thermal groundwater. However, there are some
discrepancies among the among the respective policy aims and these needs to be eliminated. Although speaking of the same
“medium” (a hydrogeothermal system) the
“objects and targets” of the water policy and
the energy policy are somewhat different. The
Water Framework Directive concerns groundwater bodies (namely, groundwater within an
aquifer, in this case aquifers with thermal
groundwater / thermal groundwater). Furthermore, it sets up environmental targets during
their use — i.e. to achieve/maintain their good
quality and quantity status. With other words,
its attention is on the protection of the (geothermal) aquifers. At the same time the Renewable Energy Directive addresses the heat
content (defines geothermal energy as energy
stored beneath the surface), and defines binding targets for its increased use (energy objectives). The programmes for implementing
these measures are also different: the status of
the groundwater bodies are assessed in the
frame of national River Basin Management
Plans, performed every 6 years (2009, 2015,

2021, etc.); the progress of the National Renewable Energy Action Plan targets submitted by
the Member States in 2010 are supervised
every 2 years.
To increase the number of new (geothermal)
projects, it is also important to improve timeeffective licencing processes. The establishment of a competent authority or authorities
to integrate or coordinate all permit-granting
processes (‘one-stop-shop’) should reduce the
existing complexity of administration, and increase efficiency and transparency of the licensing procedures. Administrative procedures for
geothermal licensing have to be f it for purpose: namely, wherever possible they should
be streamlined and the burden on the applicant should reflect the complexity, cost and
potential impacts of the proposed geothermal energy development. Licensing procedures must be simplif ied, and transferred
to the regional (or local if appropriate) level of
administration. However, more effective and
eff icient administrative procedures should
not compromise the high standards for pro-

tection of the environment and public participation. Transparency means that information
should be publicly available with respect to
the licenced objects (i.e. names of wells and
springs, and their locations — meaning at
least the nearest settlement and its coordinates), purpose of use, and the licenced water
quantity. It is also recommended that the official time for a decision on the granting of a
licence (i.e. after an application has been
completed and submitted) should not be
more than 2 months.
Amended legislation should also go beyond a
‘one-size-fits-all-approach’. In other words, it
should take into account the untapped potential of a wide variety of geothermal technologies, their respective sizes, applications,
features, and market and technology maturity.
For example, legislation should consider
whether the resources are high or medium
temperature, whether the geothermal heat is
for district heating or industrial purposes, and
whether this heating is for new or existing
buildings.
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INTRODUCTION
The basic types of geothermal reservoirs (i.e. a
large subsurface volume of porous and/or fractured rock from which hot fluid can be economically extracted to the surface) are relatively
well-known in the Pannonian Basin (TóTh 2009,
horváTh et al. 2012, 2015, TóTh et al. 2016). These
reservoirs can be distinguished by their by largescale geological structures, characterised by regional thermal water flow systems which are
often shared by a number of neighbouring
countries. recently the extent and character of
such systems have been studied in the western
part of the Pannonian Basin (horváTh et al. 2012,
roTár-Szalkai et al. 2017, SzőcS et al. 2018). however, in the territory of the DarliNGe project,
data and information covering the south-eastern parts of the basin are not as thorough as
those for the western part.

in order to achieve the objectives of the DarliNGe project with regard to enhancing the
use of geothermal energy in the heating sector
in the Danube region, regional knowledge
about the prosperous and non-prosperous regions in terms of geothermal potential is essential for delineating areas for future development. in order to acquire this knowledge a
novel methodology for outlining and characterising large, transboundary geothermal
reservoirs was elaborated.
The identification of geothermal reservoirs in the
DarliNGe project region is based on available
geological, hydrogeological and geothermal information. Both the content and the data format
largely varied in the partner countries. in addition to these differences on a national scale, the
density of available information and the level of
knowledge were also significantly diverse in the

Figure 3.1. Map showing the tectonic setting and the respective thicknesses of Neogene sediments of
the Pannonian Basin and surrounding regions (HORVÁTH et al. 2015)
1. Foredeep areas; 2. Flysch belt; 3. Miocene volcanoes and the approximate position of explosive centres; 4.
Inner Alpine, Carpathian and Dinaric mountains; 5. Penninic windows; 6. West- and East-Vardar ophiolites;
7. Detachment and normal faults; 8. Thrusts and folded anticlines; 9. Strike-slip faults; 10. First order strike-slip
faults; AC = Alcapa terraine; MHFZ = Mid-Hungarian Fault Zone; TD = Tisza–Dacia terraine
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different regions. consequently, it was not possible to start off with a harmonisation of the
source data and immediately create unified geological–hydrogeological–geothermal maps and
models. Therefore, in the initial instance, a simpler and generalised approach was applied,
based on those geological, hydrogeological and
geothermal features which are typical for the entire Pannonian Basin.

GEOLOGICAL CONDITIONS
To understand the genetics of the DarliNGe
project area in the southern part of the basin,
it is important to review the structure and development of the entire Pannonian Basin.
The Pannonian Basin is a back-arc basin within
the alpine–carpathian orogene (Figure 3.1). its
formation began in the Early–Middle Miocene
(about 23 to 12 million years ago) with a crustal
extension and thinning of the lithosphere (so
called “syn-rift” phase) (royDEN 1988, Tari et al.

1993). at this time deep sub-basins were
formed (FoDor et al. 1999, háMor et al. 2001,
horváTh 2007); the deposition of thick, finegrained deep-water sediments took place in
the rapidly sinking basin interiors, and coarsegrained near-shore facies sediments accumulated at the margins and on the top of the
tilting basement highs.
This was followed by a significant thermal subsidence (the so-called “post-rift” phase) which
began in the late Miocene (royDEN 1988), and
a huge inland lake — lake Pannon — was
formed about 11 million years ago. at that time
lake Pannon experienced decreasing salinity
and it represented a remnant of the Middle
Miocene Paratethys Sea (MaGyar et al. 1999).
This giant lake basin was gradually filled up by
sediments transported from the north-west
and the north-east from the surrounding
alpine and carpathian mountain belts during
the late Miocene and Early Pliocene (Figures
3.2, 3.3). coarse material was deposited by turbidity currents on basin floors and there was
subsequent sedimentation of silt and argilla-

Figure 3.2. Change of the shorelines of the Lake Pannon from the Late Miocene to the Early
Pliocene (after MAGYAR et al. 1999)
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Figure 3.3. Model of a prograding shelf (“delta”) system in the Pannonian Basin (after JUHÁSZ 1992)

ceous marl on the slopes (referred to as “lower
Pannonian” sediments). Prograding shelf
(called as “delta systems” in earlier literature)
sedimentation resulted in the deposition of
thick sand bodies in the shelf front environment; these were overlain by the fine-grained
sediments of the alluvial plain, representing
the later stages of the filling-up of the lake
basin (Bérczi, PhilliPS 1985; MaGyar et al. 1999,
2013). The overall resulting siliciclastic sequences (the “Pannonian” sedimentary succession) were as thick as several thousand
metres in the deepest sub-basins (Figure 3.1).
Finally, as a result of large-scale tectonic movements, a SW–NE compression stress field occurred in the Pannonian Basin. coevally, the
late Miocene post-rift sinking phase was
changed to an uplift (inversion) in the highlands, while the sinking of deep grabens continued (horváTh, cloETiNG 1996). in these
grabens the thickness of the Quaternary sediments reached 600 to 800 m, or more.
Under the several kilometres-thick young sedimentary rocks, the basement of the Pannonian Basin is extremely diverse and shows a
complex structure. it is built up of various
metamorphic and non-metamorphic Palaeoand Mesozoic crystalline and sedimentary
rocks, the formation of which was associated
with the alpine–carpathian orogene (cSoNToS,
vöröS, 2004, SchMiD et al. 2008, haaS et al. 2012,
haaS, BUDai 2014). They have a complex structural pattern, being arranged into nappes
along thrust sheets, and dissected by strike-slip
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and normal faults associated with the multiphase tectonic development of the basin
(FoDor et al. 1999, horváTh et al. 2006, haaS et
al. 2012) (Figure 3.4). These rocks also form
some outcropping mountain regions: so-called
“inselbergs”.

HYDROGEOLOGICAL SETTINGS
While the DarliNGe study area is characterised by a wide range of geological formations, two major regional hydrogeological
settings can be differentiated. one is characteristic for the porous intergranular basin-fill
sediment sequence, while the other prevails
for the basement rocks. although connections
between the two systems occur locally, the
two regional flow systems are mostly separated by thick — in some places reaching several thousands of metres — low permeable
Miocene sediments; these act as aquitards
(Figure 3.5).
The uppermost part of the porous, intergranular basin-fill sedimentary sequence is built up
of Quaternary alluvial and fluvial sediments,
which form unconfined aquifers, characterised
by local flow systems. The intermediate flow
systems are characteristic for the deeper parts
of the Quaternary formations and for the uppermost part of the Pannonian sediments representing a shelf plain facies. These flow paths
can occur several hundreds of metres below

Figure 3.4. Pre-Cenozoic basement units in the DARLINGe territory (based on HAAS et al. in press)

the surface, in some cases as much as 1,000
metres. The aquifers themselves are a source
of the main freshwater production (drinking
water supply).

The deeper part of the porous intergranular
basin-fill sediment sequence is mainly characterised by regional flow systems. These flow
systems can be found in the lower part of the
shelf front sediments. Their average depth is between 500 and
2000 metres. This sediment sequence hosts the main geothermal aquifers which, over the
whole study area, are the primary
source for thermal water extraction.

Figure 3.5. Schematic sketch of the regional groundwater flow
systems in the Pannonian Basin (Pa1: “Lower Pannonian”, Pa2:
“Upper Pannonian” sedimentary succession)

Groundwater flow in the basement is connected to the Palaeozoic and Mesozoic crystalline and
carbonate rocks. These flows are
mainly connected to the upper
few hundred metres-thick weathered rocks, or to fractures, and to
karstified zones in the carbonates. The tectonic zones and fractures can play an important role
in the extraction of groundwater,
although not all faults are hydrogeologically active. The fractured
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crystalline rocks in the basement mostly store
stagnant water. cold and thermal karst systems
have important respective roles in the supply of
drinking and thermal water as they store large
amounts of extractable water. The outcrops in
mountainous or hilly areas can serve as recharge
zones for the different flow systems.
local aquifers can be found in the Miocene sediments and these directly overlie basement
highs, thus forming a hydraulic unit with them.
Minor — thermal — aquifers with low connectivity have also developed in the lower Pannonian
turbiditic sand bodies.

anomaly, having a heat flow density (hFD)
ranging from 50 to 130 mW/m2, with a mean
value of 90–100 mW/m2 (hUrTEl , haNEl 2002;
lENkEy et al. 2002, 2017; horváTh et al. 2015) (Figure 3.6); the geothermal gradient is about 45
°c/km (DövéNyi, horváTh 1988). The wide range
of hFD values is explained by the presence of
recharge areas and the cooling effect of the infiltrating meteoric waters. The overall positive
geothermal character of the Pannonian Basin
is related to the Early–Middle Miocene crustal
extension, when the lithosphere stretched and
thinned (Figure 3.7), and the hot asthenosphere moved closer to the surface.

GEOTHERMAL CONDITIONS
The Pannonian Basin is well-known for having
good geothermal potential (DövéNyi, horváTh
1988; lENkEy et al. 2002, 2017; SzaNyi et al. 2009;
horváTh et al. 2015, BékéSi et al. 2017). This is due
to its favourable geological conditions, rendering it rich in thermal waters. The Pannonian
Basin is characterised by a positive geothermal

OUTLINING OF GEOTHERMAL
RESERVOIRS
The outlining of geothermal reservoirs was
based on a combination of relevant geological
and geothermal data. The steps involved in this
task were (a) the setting up of a conceptual
model of reservoir types, i.e. to identify the differ-

Figure 3.6. Heat flow map of the Pannonian Basin
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Figure 3.7. Thickness of the lithosphere in the Pannonian Basin and its surroundings (HORVÁTH, BADA eds
2006)

ent types according to the main lithological and
porosity features, and also according to the respective classes of temperature, (b) the construction of common geological surfaces that
form the top and bottom bounding surfaces of
these main reservoir types, (c) the construction
of common isotherm surfaces that show the
subsurface temperature distribution, and finally
(d) the matching of the relevant geological and
isotherm surfaces to determine the spatial location of the reservoirs. afterwards (e) the hydrogeochemical character of the stored fluid in the
different reservoir types was assessed, and (f) the
stored heat content of these respective types
was calculated using a probabilistic method.

DEFINING RESERVOIR TYPES
The geological build-up of the project area
mentioned above, and the scattered inhomogeneous data distribution among the partner
countries presents a very complex picture.
Thus it was not possible to make a detailed harmonisation of the different geological formations that build up a region covering nearly
100 000 km2. as a result of this, only the most

important hydrostratigraphical units (namely,
rock assemblages having the same hydrogeological behaviour) that store thermal groundwater (i.e. geothermal aquifers) were identified
as potential geothermal reservoirs.
in this work, two main types of geothermal
reservoirs are referred to: (a) thermal aquifers
that encompass the Pannonian shelf front and
alluvial plain porous formations are called
“basin-fill” (BF) reservoirs, while (b) potential
thermal aquifers of the fractured, karstified
basement rocks are called “basement” (BM)
reservoirs.
The sedimentary succession encompassing
the BF reservoirs is built up of alternating sand
and sandy clay layers characterised by a strong
anisotropy in hydraulic conductivity (kh/kv) —
often higher than 5000 (TóTh et al. 2016). Despite the lower permeability of the clayey–
marly strata, a hydraulic connection exists
between the sand layers. These layers comprise
the Upper Pannonian sedimentary series as
one hydrostratigraphic unit, and this is characterised by an almost uniform hydrostatic pressure. The BF reservoirs themselves are built up
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from 30 to 100 m-thick sand-prone units within
this thick sedimentary succession and this can
be tracked regionally. These sandy aquifer layers have an intergranular porosity of 20–30%
and a hydraulic conductivity of 4×10–6–5×10–5
m/s (roTár-Szalkai et al. 2017).
Some potential “BF-type” geothermal reservoirs also occur in the deeper parts of the overlying Quaternary formations. however, they are
out of the scope of this study because of their
relatively lower temperature (it usually only
slightly exceeds 30 °c in the central parts of the
basin). Their principal importance is linked to
the supplying of drinking water but in this case
their slightly elevated temperature is somewhat problematic.
The BM reservoirs may contain different types
of fractured and fissured formations consisting
of crystalline metamorphic rocks, or carbonate
complexes (of different respective ages) forming the basement of the Pannonian Basin. The
fractured crystalline rocks may exhibit an enhanced permeability in the main tectonic
zones, as well as in their upper weathered

zones. The fractured, partially karstified carbonate rocks are characterised by an enhanced
porosity in their intensively karstified zones —
most commonly in the upper parts of the carbonate sequences. Some tectonic zones in the
basement rocks — especially in the neotectonically active regions — are of individual importance due to their high hydraulic conductivity
and their active hydraulic connections to other
large aquifer systems.
With respect to utilisation schemes, different
temperature categories were distinguished.
For example, the subcategory of 30–50 °c is regarded as being mainly important for balneology. reservoirs having a temperature between
50 and 100 °c are primarily suitable for direct
heat utilsation. Furthermore, within that temperature range the 75–100 °c subcategory represents an ideal temperature for using
thermal water in district heating systems.
reservoirs having a temperature between 100
and 125 °c, or above, have the potential for
combined heat and power generation (chP)
projects using binary technologies.

Figure 3.8. Schematic view of reservoir types according to temperature ranges
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The theoretical section of the identified geothermal reservoirs is shown on Figure 3.8.

GEOLOGICAL BOUNDING SURFACES
To make resource-estimation feasible for each
reservoir type, the above-described reservoir
categories had to be outlined as closed 3D bodies. Therefore the bounding surfaces of the respective geological units had to be distinguished and these are the following:
— top surface of the pre-Cenozoic basement
formations (Figure 3.9),
— bottom surface of the shallow lacustrine
sandy deposits, represented by a well- defined shale-sand lithological boundary (Figure 3.10),
— top surface of the alluvial sediments (Figure 3.11).
For the preparation of the above-identified geological model horizons, relatively large datasets were available. These were mainly borehole
data (412 boreholes); however, these datasets
were not sufficient for the desired resolution of
500× 500 metres of the geological model due

to the uneven data distribution. Therefore, the
geological surfaces were distinguished using
simple kriging methods at a 500×500 metres
resolution of the different grids; iso-maps available from the partners were also referred to,
these being complemented by borehole data.
For the overall characterisation of the project
area, geological cross-sections were compiled;
one characteristic section extending through 3
countries is shown on Figure 3.12.

CONSTRUCTION OF THE ISOTHERM
SURFACES

The various subsurface isotherm surfaces were
distinguished on the basis of a simplified conductive model (details are discussed in ROTÁRSZALKAI et al 2017, NÁDOR et al. in press). This
model was configured for the entire southern
part of the Pannonian Basin in the DARLINGe
project. The basic hypotheses of the calculation
method was that the higher heat-flow (i.e.
higher values than the world average) in the
Pannonian Basin is caused by the thinning of
the lithosphere; the latter was the result of
lithosphere stretching, coeval with the forma-

Figure 3.9. The depth-horizon of the pre-Cenozoic basement formations
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Figure 3.10.Depth of the base of the shallow lacustrine sand deposits

Figure 3.11. Top surface of the fine grained alluvial sediments
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Figure 3. 12. Section 2 in Hungary – Croatia – Bosnia and Herzegovina

tion of the basin (DövéNyi, horváTh 1988, royDEN
et al. 1983). The relief of the pre-Pannonian
basement evolved parallel with the intensive
inflow of sediments due to thermal subsidence
— namely, the depth of the basin is propor-

tional to the degree of thinning of the crust.
The spatial variation of heat-flow density therefore reflects changes in the basin depth.
The calculations relating to the depth value of
the isotherm surfaces in the Neogene basin-fill

Figure 3.13. Depth of the calculated 50 °C isotherm surface in the Neogene sediments
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Figure 3.14. Depth of the calculated 75 °C isotherm surface in the Neogene sediments

Figure 3.15. Depth of the calculated 100 °C isotherm surface in the Neogene sediments

38

sediments were performed by multiplying the
basin depth with the average geothermal gradient (Figures 3.13, 3.14, 3.15).
in order to secure a validation of the modelled
temperature distribution, the distribution itself
was compared with the real temperature
measurement data from wells. The comparison
presented a very close statistical connection,
but locally some differences occurred. Differences can be expected in the regions where (a)
convection (i.e. the modifying effect of groundwater flow) has an important role in the spatial
subsurface distribution of temperature, or (b)
there is uncertainty in connection with the
temperature measurements.
The temperature values of the pre-cenozoic
basement surface were also approached by
conductive modelling. in the latter a simpler
method was used, but it was also based on the
above discussed formula describing the relationship between heat flow density and basin
depth. a further modification (simplification)
was applied in the regions where the precenozoic basement rocks outcrop.

it is important to mention that the estimated
temperature shown on Figure 3.16 is solely the
result of the simple conductive geothermal
model applied; however, in most of the cases
the real temperature distribution can deviate
noticeably from the modelled values. This is
caused by convection, which is an important
process operating in basement formations (especially in karstic rocks), and which significantly
alters
temperature
distribution.
Nevertheless, the comparison of the calculated
values of the conductive model with the measured temperature is very important, because
anomalies indicate the regions where there are
intensive thermal convections. These regions
are the most prosperous ones with respect to
having a high geothermal potential (Figure
3.16).

RESERVOIR DELINEATION
The spatial delineation of BF reservoirs was
based on the combination of the respective geological bounding surfaces ((i.e. the base of the
shallow lacustrine sandy deposits and the top
of the fine grained alluvial sediments) and the

Figure 3.16. Geothermal potential map of the basement reservoirs Comparison of the temperature values estimated (by the conductive model) at the top of the basement with the measured
temperature values which were extrapolated at the top of the basement
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respective isotherm surfaces (worked out using
SUrFEr and arcGiS software).
For example, the combination of the top surface of the shallow lacustrine sandy deposits
and the fine grained alluvial sediments sediments and 50 °c isotherm surface designates
the minimum depth of available thermal water
with a temperature higher than 50 °c in the
Pannonian sedimentary succession (top of
BF50–75 reservoir). Similarly the combination
of the top surface of the shallow lacustrine
sandy deposits and the fine grained alluvial
sediments sediments and 75 °c isotherm surface defines the minimum depth of available
thermal water with a temperature higher than
75 °c (top of BF75–100 reservoir), and so on.
The deepest reservoir is the BF125–150, which is
restricted to a small area within the Dráva Basin
where temperatures are slightly above 125 °c.
The locations of the different reservoirs are illustrated in Figures 3.17, 3.18, 3.19 and 3.20.

a combination of the isotherm and geological
surfaces was not applicable in the basement
reservoirs, given that only very scattered geological information was available for the basement rocks in the entire project area. The
potential areas for thermal water production
from the basement rocks at regional scales is
shown on Figure 3.16 with the restrictions coming from the uncertain interpretations, as explained before. Detailed geological maps for the
basement rocks — making possible expert assessments of potential basement reservoirs —
were charted only for the three cross-border
pilot areas, which are visualized on the web-map
viewer of the Danube region Geothermal information Platform at https://www.darlinge.eu.

HYDROGEOCHEMICAL CHARACTERISATION OF
THE GEOTHERMAL RESERVOIRS

The hydrochemical properties of the stored fluids are important, as they might have serious
impacts on utilisation (e.g. causing scaling, corrosion, etc.). in order to assess the hydrochem-

Figure 3.17. Top surface of the BF50–75 reservoir. The “white patch” in the deepest parts of the Makó
Trough and the Dráva Basin indicates that the 50 °C isoterm is still most probably found in the Quaternary sediments being very thick in these areas, and therefore not considered s.str. as a “basin-fill
reservoir”
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Figure 3.18. Bottom surface of the BF50–75 reservoir

Figure 3.19. Top surface of the BF75–100 reservoir
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Figure 3.20. Bottom surface of the BF75–100 reservoir

Figure 3.21. Location of hydrogeochemical data
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ical properties of the thermal waters, all available archived chemical data were collected
and analysed for almost 850 water samples. it
turned out that in the project area the data distribution, in a way similar to the geological and
geothermal data was largely uneven (Figure
3.21). hydrogeochemical data were grouped
into three categories based on their aquifer
types: namely basement, basin fill and others
(Figure 3.21).

Na-hco3-cl and Na-cl-hco3 water-types can be
found in Serbia as well, and also in the southeastern part of hungary with a 500–1,850 m
depth interval among those thermal waters in
the 50–75 °c and 75–100 °c temperature ranges.
The 50–75 °c waters have low mineralisation,
with TDS values typically in the range of about
800–3,200 mg/l; the TDS values of the 75–100 °c
waters are in the range of about 1,200–4,500
mg/l, as would be expected with larger reservoir
depths and longer residence times.

Basin-fill reservoirs

The TDS values of the thermal waters in the
100–125 °c temperature range is about 1,700–
5,500 mg/l, in line with larger reservoir depths
and expected longer residence times that are
in parallel with water-rock interactions.

The hydrogeochemical characterisation of the
basin-fill reservoirs was carried out according
to four temperature categories (Table 3.1). in all
temperature ranges the thermal waters stored
in the Upper Pannonian geothermal aquifers
are typically of a Na–hco3 water type.
at the margins of the sub-basins (e.g. in the
south-east of hungary and the south-west near
to Slovenia), ca–Mg–Na–hco3 and Na–ca–Mg–
hco3 water-types may also occur among
thermal waters in the 30–50 °c temperature
range. These waters have a low mineralisation,
with TDS values typically in the range of about
750–2,750 mg/l.

Basement reservoirs
The hydrogeochemical characterisation of
basement reservoirs was based on a smaller
number of data than that available for basin-fill
reservoirs (Figure 3.21). Nevertheless, it can be
clearly seen that both the water composition
and the TDS values change according to depth
(Table 3.2). The median TDS values are less than
1,000 mg/l down to about 500 metres below
the surface, with a slight increase in concentra-

Table 3.1. The main statistical values of major chemical parameters and the total dissolved solids
(TDS) according to temperature categories in the basin-fill reservoirs
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Table 3.2. Number of hydrogeochemical water-types grouped by mean depth intervals and their 10–
90% percentiles and median TDS values (83 wells)

tion up to about 3,100 mg/l median TDS value
in the 1,500–2,000 metres depth interval below
the surface. as the depth increases TDS values
increase to a few tens of thousands mg/l, with
a median value above 20,000 mg/l.
The thermal waters in the upper part of the
basement reservoirs — namely, in those areas
where the collected samples are approximately
less than 500 metres below the surface — are
represented by ca–Mg–hco3, ca-hco3, Nahco3-cl, Na-cl-hco3 and Na-ca-Mg-hco3-cl
water-types. The water composition changes in
accordance with the geomorphological setting
of the basement — i.e. if it is in an uplifted or in
a deeper position. in Bosnia and herzegovina
and Slovenia, where the basement is in an elevated position, ca-Mg-hco3 and ca-hco3
water-types occur, while in southern hungary
Na-hco3-cl, Na-cl-hco3 and Na-ca-Mg-hco3cl waters are prevalent.

With an increase in depth the chloride content
starts to dominate as the major anion and Nahco3-cl, Na-cl-hco3, Na-cl waters become
more frequent with depth. The thermal waters
in the basement are of a Na-cl type from about
a depth of 2,500 metres below the ground surface. in some parts of the project area — for instance, in the central part of Serbia, in the
northern part of Bosnia and herzegovina and
in the eastern part of croatia — high sulphate
concentrations can also occur in these reservoirs, resulting in Na-ca-hco3-So4 or Na-hco3So4 water-types.

RESOURCE ASSESSMENT OF THE GEOTHERMAL
RESERVOIRS

The most important aspect of the respective
geothermal reservoirs is the quantification of
their geothermal potential — i.e. to express in
a quantitative way the amount of geothermal

Table 3.3. Categories of geothermal potential (RYBACH 2010)
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energy which might be expected during the
lifetime of their exploitation. Different literatures identify different categories for geothermal potential: e.g. theoretical, technical,
economic, sustainable and developable potential (ryBach 2010) (Table 3.3).
Since in large sedimentary basins such as the
Pannonian Basin the extraction of heat from the
rock generally takes place by the production of
thermal water (carrier of the heat energy), only
the heat content of the “moveable fluid” (fluid
situated in the effective pore space) provides realistic values about the amount of exploitable
heat. Therefore this heat content can be considered as the equivalent of the theoretical potential (i.e. physically usable energy as defined by
ryBach, 2010), as calculated on the basis of on
the classical formula of heat-in-place (MUFlEr,
caTalDi 1978), such as the following:

Qeffpor = C.× m.× ΔT

(Eq1)

c = 4,187106 J/(1000kg* °k), the specific heat capacity of the water,
m = the mass of movable water (effective porosity) in reservoirs

ΔT = Taverage – Treference = the excess temperature
over 30 °c.
Special attention was paid to the determination
of the effective porosity (which stores the “moveable” water that can be exploited), such that the
mass of movable water in the reservoirs was calculated according to the following formula:

m = ρ × Φeff × ΔH × A

(Eq 2)

ρ = 1.0 [1000 kg/m3] = the specific density of the
water,
Φeff = average effective porosity of the reservoir,
Δh = average thickness of the reservoir,
a = the area of the reservoir.
where the effective porosity
Φeff=(1–SH) × Φt (Eq 3)
Sh = the average clay content of the reservoir,
Φt = average total porosity of the reservoir.
Effective porosity is derived from total porosity.
its value is the function of actual basin depth
(effect of compaction) and of the clay content.
lacking detailed geological information on the
exact facies distribution of the Upper Pannon-

Figure 3.22. Regions of resources estimation
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resource estimation was performed for 11
major divided regions of the project area.
The respective estimations were based
on geological and hydrogeological considerations — i.e. on the location of subbasins and basement relief of the
Pannonian Basin itself (Figure 3.22). heat
energy stored in the effective pore space
of the BF reservoirs was calculated for
each temperature category within the
given region according to the Equations
1, 2 and 3. a probabilistic approach was
applied (Monte carlo method), being a
well-acknowledged method in geothermal resource assessment (NáDor,
zilahi 2016). The results are associated
with high, medium, and low levels of confidence and are based on P90 , P50 and
P10 of the resulting cumulative probability distribution, respectively. During calculations the respective areas of the
reservoirs were considered as static values and were determined as surface projections of the top of each reservoir. The
thickness of each reservoir varies from
place to place and it was determined individually in a 500×500 m grid from the
geological model horizons as a distance
between the top and bottom horizons.
Temperature was estimated from the
conductive model as an average for the
given reservoir, taking into account the
depth and the thickness. average total
porosity values were expert estimations.
The results of the calculation are summarised in Table 3.4 and in Figure 3.23.
The graphs of Figure 3.23 show that the
stored heat content of the BF50–75 reservoirs is highly significant in 7 sub-regions
out of the 11 areas. The top surface of
these reservoirs is found around –800 to
–1000 m a.s.l. in the project area (Figure
3.17), representing an easy and relatively
inexpensive drilling target. although the
BF30–50 reservoirs are almost as extensive in volume as the BF50–75 reservoirs,
their stored heat content is only about
46

Table 3.4. Estimated heat content of the effective porosity in the BF reservoirs (PJ) related to selected sub-basins,
with confidence levels at P10, P50, P90 [PJ]

ian shelf front (and also the shelf and alluvial plain sequences), the clay content
in the model was considered to vary between 20–60%. This figure is based on an
expert estimation derived from previous
regional geological and hydrogeological
modelling (TóTh et al. 2016). The average
value for the entire sequence is 40%.

Figure 3.23. Calculated heat content of the BF reservoirs in the different regions of resource estimation
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Figure 3.23. Continuation

half that of the latter due to their shallower
depth. The BF75–100 reservoirs are more restricted in dimensions (associated with the
central depressions of the sub-basins) at an average depth of –1400 to –15000 m (Figure 3.19),
but their heat content is still significant (about
half of the BF50–75 reservoirs). The highest
areas of recoverable heat content are found, respectively, in the (1) Makó Trough (hU–SrB–ro)
— 15,750 PJ, (2) Békés Basin (hU–ro) — 5,762
PJ, (3) Dráva Basin (hr–hU) — 4,473.3 PJ, (4) Somogy region hU — 1,948 PJ, and (5) Mura–zala
Basin (Si–hU–hr) — 1,312.4 PJ. (all numbers
refer to the high level of confidence estimations — P90). These numbers underpin the
great potential of the region for space and district heating, which at the moment exists only
at a few locations.
Finally it has to be mentioned that if the recovery factor (which means the ratio of heat
recoverable versus heat in place and shows
the degree of technically available part of the
theoretical potential) is also considered, than
the actually extractable amount of heat energy is much smaller. according to practical
48

experiences the value of the recovery factor is
rather uncertain and varies in wide ranges.
Depending on the geology and permeability,
it is between 0.1–0.25 in porous systems while
0.08–0.2 in f ractured systems (NáDor, zilahi
2016). Taking a conservative value of 0.1 for the
recovery factor means, that only 10% of the
heat contents shown in Table 3.4 is actually
extractable.
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INTRODUCTION
Due to its favourable geological conditions, the
Pannonian Basin is rich in thermal groundwaters. This represents a huge potential for the direct use of its heat content (HorváTH et al. 2015,
rman et al. 2015, náDor et al. 2012, TóTH et al.
2016, and many others). In this region many of
these vast geothermal resources have been
used for a long time: mainly for bathing and
balneology, but also to some extent in the agricultural sector, and for space heating.
The most recent and comprehensive evaluation of current thermal water use in the region
of the wider Pannonian Basin was carried out
in 2017–2018 in the DarLInGe project. Due to
extensive data collection in six countries, followed by expert evaluation of the vast datasets,
it is now possible to provide a reliable assessment of the current situation in order to set
ambitious yet feasible targets for future uses.

DATA COLLECTION
Utilisation data were collected from a project
area covering about 99,372 km2. The selection
criteria for the inclusion of a particular source
(spring or well) in this overview were: a) the
outflow thermal water temperature had to be
at least 30 °C or above, b) the source currently
produces, or reinjects thermal water, even if no
exploitation permit has yet been granted, and
c) the source has been granted an exploitation
permit, or belongs to a national monitoring
network, even if it currently does not produce
water (e.g. observation well). The reference year
for which data were collected was 2015; however, if available, more recent information was
also included in the survey.
nearly 50 types of data were collected, including
basic data (name and location of the wells/
springs, coordinates, etc.), the type of geothermal aquifer*, drilling purpose and type of
utilisation, temperature, yield/discharge, and
information (if relevant) about reinjection. Information was also gathered and evaluated on
the actual and licenced production rates in
order to assess environmental and legislative
risks for new investments.
In general, it was very difficult to collect up-todate production information from official databases, if they existed at all. In most countries,
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the exploitation data are reported with different levels of detail and to several authorities
(e.g. the respective agencies for environmental,
economic, financial, and energy matters).
Therefore it was not possible to gain a fast and
reliable overview concerning the actual production characteristics of geothermal wells, including information on licences. Whereas, for
example, the names, coordinates, licenced production rates and purpose of water use for a
particular well are public information in Slovenia, in some other countries it was very hard to
get such information, or even just a basic notice about whether a license had been granted.

IDENTIFIED GEOTHERMAL
OBJECTS
The overview identified 767 geothermal objects, 760 wells and only seven thermal springs
(Table 4.1); these objects have a very uneven
spatial distribution over the project territory. In
total, 93% of the geothermal objects were originally intended for thermal water production
(Figure 4.1). about 5% of the objects are reinjection wells. The average well depth is approximately 1145 m while the maximum depth is
3436 m. The deepest wells are found in Hungary and romania, with an average depths of
1800 to 1200 m, while the average depth is between 800–1000 m in Serbia and Slovenia, and
only about 500 m in Croatia and Bosnia and
Herzegovina.
about 13% of the wells are younger than 10
years, with an additional 17% aged under 30
years, while 26% of the wells are over 50 years
old (Figure 4.2). The lifespan of a geothermal

* The main geothermal aquifers in the Pannonian Basin
region are represented by those 100–300 m-thick sandy
units within the thick basin fill sedimentary succession
that occur at depths of up to about 2 km in the deepest
parts of the basin, where the temperature reaches as
much as 90 °C. These are referred to as Upper Pannonian
porous “basin fill” reservoirs (“BF”) — for more discussion
see chapter 3. However some thermal water wells produce
from deeper parts of the Pannonian sedimentary succession, but this is not differentiated in this paper. The second
important type of geothermal aquifer is present in the
karstified Palaeozoic–Mesozoic carbonates and fissured
zones of the crystalline rocks in the basement of the Pannonian Basin. They are characterised by high secondary
porosity, and the temperature can exceed 100–120 °C due
to the greater depths at which they occur. They are referred as to “basement reservoirs” (“BM”). They may also
encompass some minor older Miocene sandstone and carbonate aquifers capping the basements highs.

Figure 4.1. Drilling purpose and operational depths of 767 investigated
geothermal objects

Table 4.1. Geothermal objects by
countries

well is usually about 30 years, so the old age of
the majority of the wells represents a warning
that many of them may be approaching their
final stages of operation. The number of new
wells coming into operation has been decreasing in the region since 2008. This is like an
alarm bell sounding for new investments into
geothermal wells in order to retain the total capacity in the region for the long-term.
among geothermal aquifer / reservoir types,
the porous loose sandstone basin-fill sediments significantly predominate over the fissured/karstified basement rocks; in fact, almost
6 times more objects produce thermal water
from the first type (Figure 4.3).
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Figure 4.2. Number of completed wells by decades

Figure 4.3. Identified geothermal aquifer types out of the 767 geothermal objects
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THERMAL WATER
TEMPERATURE
The average outflow temperature shows that
36% of the sources have temperatures below
40 °C while 51% are above 50 °C (Figures 4.4–
4.5). This means that half of the listed sources
are more than favourable for geothermal heat

production. The temperature range is 30–75 °C
in Bosnia and Hercegovina, 32–97 °C in Croatia,
25 °C (originally 30 °C) — 101 °C in Hungary, 29–
85 °C in romania, 25 °C (originally 31 °C) — 72
°C in Serbia, and 30–75 °C in Slovenia. The highest temperatures of above 80 °C are mostly present in Hungary, and to a lesser extent in Croatia
and romania.

Figure 4.4. Histogram of the average outflow temperatures for 744 geothermal objects
(23 objects had no information with respect to temperature)

Figure 4.5. Distribution of average outflow temperatures
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THERMAL WATER USE

EXPLOITATION PERMITS

Usage for bathing and balneological purposes
are prevalent for 24% of all active geothermal
objects (155); however, among these, thermal
water is used for heating in only 23 cases (e.g. for
the spa buildings) (Figure 4.6). 104 objects (16%)
are used for various types of heating, of which a
total of 13 wells produce water for district heat-

With respect to the granting of permits, those
for water rights prevail in Croatia, Hungary, and
Slovenia; geothermal rights have been granted
in Serbia; and mining rights in Bosnia and
Herzegovina, and romania. In total, 72% of the
objects have been granted water rights, 6%
mining rights, and 2% geothermal rights (1%

Figure 4.6. Generalised utilisation types for 668 objects (inactive wells were not considered).
Heating includes district heating, sanitary water heating and individual space heating. Agriculture also includes the heating of greenhouses. Other uses represent mainly industrial functions
and monitoring wells

ing and three wells for individual space heating.
an additional 10% (70 wells) are used for agricultural purposes, the latter being mainly related
to greenhouse heating. There are 39 reinjection
wells (5%). It is primarily in Hungary — to which
79% of all the recorded objects belong. Drinking
water (17%) (especially the lukewarm waters), industrial usage (5%) and monitoring wells (2%)
are also common.
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has been granted no rights at all). For the other
objects no information was available at the
time the project was carried out.
In Croatia, thermal water utilisation is regulated by two different laws, depending on the
purpose of utilisation. If the water is used for
bottling, swimming, and balneology then the
Water Law is applicable. on the other hand, the
mining Law is relevant for energy use (heating,

Figure 4.7. Total annual production quantities per country (in total, information available for 62% of the objects). Notice that data availability was
100% in Slovenia, 96% in Serbia, 90% in Bosnia and Herzegovina, 55% in
Hungary, 29% in Romania and 19% in Croatia

electricity generation). Since swimming and
balneology utilisation prevail, there are more
water permits than mining permits (concessions) in Croatia. In Hungary all operating wells
should have a water licence according to the
Water Law (wells below –2500 m are granted
permits under the mining Law / Concession
tendering, but there are no such wells in the investigated area). In romania, geothermal, mineral groundwater as well as therapeutic water
are considered as a subsoil resource and are
administered by the national agency for mineral resources. Surface waters and groundwater resources, as well as the infrastructure for
their exploitation, are administered by the romanian Waters authority (apele romane). In
Slovenia, thermal water use without 100% reinjection is governed by the Water Law and concessions for spa/balneology, and spa/ balneology
and heating are granted as water permits. only
one mining concession regulated by the terms
of the mining Law has been granted up until
now — namely, for a pair of production-reinjection wells in Lendava, with a demanded 100%
reinjection. In the Federation of Bosnia and
Herzegovina concessions (water rights) are issued by cantons (10 cantons in the Federation
of Bosnia and Herzegovina, of which three are
in the project area) and different ministries in

the respective cantons. In some cases the Government of the Federation of Bosnia and
Herzegovina provides the licences. In Serbia
the Provincial Secretariat for Energy, Construction and Transport covers the territory of vojvodina, while with respect to licensing, the rest of
Serbia is under the competence of the ministry
of mining and Energy.
Production information was only available for
62% of the objects, and it amounted to (at least)
40×106 m3 per year, of which 85% was extracted
from the porous basin-fill sediments (Figure
4.7). The licensed maximum annual production
gives even higher quantities — 62.3×106 m3 per
year (only 55% of the data available) of which
70% (43.7×106 m3 per year) is probably produced
from the basin-fill sediments.

OUTLOOK
This overview confirms the huge geothermal
potential of the Pannonian Basin. a total of 767
geothermal objects were examined, where the
majority are involved with thermal water production and only about 5% are reinjection
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wells. The average well depth of approximately
1145 m is still reasonable for developing economically durable heating projects, especially
if two facts are considered. The first is that it is
a proven fact that most of the wells have been
operating successfully for several decades,
while the second appertains to the high thermal water outflow temperatures; these exceed
50 °C at 51% of the identified sources, the highest one reaching 101 °C in Hungary. among
geothermal aquifers, the porous basin fill sediments significantly predominate. They are
tapped by six times more wells than the fractured, karstified basement rocks, giving them
a very high share (85%) of the total production.
Usage for bathing and balneological purposes
is still prevalent with respect to 24% of all
sources, while the share of various heating systems represents about 30%.
This indicates that a significant increase in geothermal heat production can be achieved by
using the already existing geothermal sources
and flow rates, especially by applying higher
thermal and utilisation efficiency. Wider implementation of reinjection technology is also
gaining importance given that waste water
and some operational technological issues
may be resolved by applying it.
after this joint research was finished, a new geothermal electricity production site was commis-
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sioned in Croatia in 2018. In velika Ciglena, two
production and two reinjection wells of lengths
between 1 and 4 kilometres produce thermal
fluid of 170 °C with a current capacity of 10 mWe
from a dolomitic basement reservoir. Even
though the site is not yet shown in figures in this
chapter, it has opened a new perspective for geothermal development also for production of
geothermal electricity using a binary cycle.
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INTRODUCTION
Geothermal heating projects, especially for
larger systems, are costly investments. This is
one reason why, despite the availability of rich
resources, the number of geothermal district
heating systems (geoDH) (including thermal
water town-heating systems) is relatively low in
the DARLINGe countries compared to some
other EU members and European countries
(Figure 5.1). Furthermore, the existing systems
are relatively small ones (Figure 5.2).

The policy drive which aims to expand geothermal district heating systems is strong:
Europe’s long-established dependency on fossil fuel imports for covering its heating demand
fully contradicts the EU’s objective to ensure
security of energy supply in the Union. Combined with energy-efficient programmes, renewables (geothermal) for heating (and
cooling) have proved to be the most effective
alternative in the decarbonisation of the heating sector in the long-run.

Figure 5.1. In 2016 there were 294 geoDH systems in operation in Europe
and more than 200 under development or investigation (source: EGEC Market Report
2017)

Figure 5.2. Average geothermal district heating plant size per country, in terms of capacity (source: EGEC Market Report 2017)

60

BASIC CHARACTERISTICS OF THE
HEAT SECTOR AND HEAT
MARKETS
In order to assess the heat sector, it is of crucial
importance to understand the characteristics of
its demand. Heat users quite often have specific
demand profiles comprising temperature, capacity, and timing. For example, residential facilities have a high heat demand in winter and only
a basic demand in summer; however, in summer
the need for cooling is becoming greater. Industrial consumers have a more static need for
heating/cooling throughout the year. Therefore,
a variety of applications and sources are required
for an efficient use of primary energy — in other
words, the technologies employed should
match as closely as possible the temperature
levels of the thermal energy demand (Figure 5.3).
Under certain conditions geothermal and other

renewable heating and cooling (RHC) technologies are already competitive. Furthermore, they
are available to supply the low-temperature heat
demand for space heating/cooling, domestic hot
water and for certain industrial processes. Another advantage is that, with current technology,
geothermal and other renewables can reach
medium temperature heat for industrial
processes.
Since heat (and cold) cannot be transported
economically over a long distance, heating and
cooling need to be produced and consumed
locally. Therefore heat markets are local and are
composed of many different technologies and
economic players (vendors, installers and
builders, engineering companies and energy
advisors, energy utilities and energy service
companies). The latter sell the heat (and cold)
as a commodity or service, often bundled with

Figure 5.3. Heat demand by service, end-user, and temperature (source EGEC
Policy Paper: Fuel switch to renewables in the Heating and Electricity sectors,
2015)
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other services. Heating and cooling are closely
linked with other energy markets, in particular
the fuel and the electricity markets, but also
with non-energy markets such as water, waste,
real estate and technology.
In terms of the categories for heat markets (RHC
Common Vision for the Renewable Heating &
Cooling sector in Europe, 2011), the DARLINGe
project area can be characterised as follows:

URBAN AREAS: > 500 INHABITANT/KM2
Urban areas include city centres, suburban
areas and village centres. They are characterised by a dense population coupled with a
dense building structure, and heterogeneous
functionality (with respect to living, working,
recreation). They often have higher average
temperatures compared to surrounding areas
(“heat islands”). The relatively dense network of
energy-distribution infrastructure makes it
possible to use remotely generated renewable
energy (e.g. geothermal wells drilled in the
vicinity of the settlement) and its cost-effective
distribution through district heating networks.
On the DARLINGe project area the main part of
the population is urban (69.2%). However, the
number of significant cities (inhabitants near
or above 50 000 people) is rather small — e.g.

Tuzla, Živinice, Gračanica, and Tešanj in Bosnia
and Herzegovina; Banja Luka, Bijeljina, Doboj,
Prijedor, and Zvornik in the Republic of Srpska;
Zagreb, Osijek, Karlovac, and Sisak in Croatia;
Zalaegerszeg, Kaposvár, Pécs, Szeged, and
Hódmezóvásárhely in Hungary; Arad, Salonta
and Timisoara in Romania; Maribor in Slovenia;
Novi Sad, Subotica, Beograd, Zrenjanin, Pančevo, and Šabac in Serbia. Nevertheless, taken
together these cities represent a significant
heat demand and they form the major potential heat markets. Due to the widespread existence of (fossil-based) district heating systems
established in the communist era, the overwhelming majority of the cities mentioned
above have district heating infrastructures, although most of these are obsolete and need
renovation/modernisation.
In addition, there is a relatively large number of
“smaller towns” (20,000–40,000 inhabitants) in
the project area. Due to the widespread nature
of long-established district heating infrastructures, many of these cities also have pipelines for
district heating. Furthermore, these smaller
towns are typically suitable (with respect to available geothermal resources) for “thermal water
town heating” systems. In these systems a specially established thermal water pipeline provides the heat for the main buildings in the city

Figure 5.4. Cities representing different potential heat markets, displayed on the top surface of the
BF50–75 reservoir, one of the geothermal aquifers having the highest potential for direct heat supply
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centres (e.g. Town Hall, schools, hospitals, libraries, etc.). In the DARLINGe project area several such heating systems already exist, and
there is a wide range of potential for future developments.
Another important segment of the potential
heat market is represented by those cities —
also numerous in the project territory and irrespective of their size — where thermal water is
already in use, e.g. for balneology. In these
areas the additional utilisation of thermal energy for the heating of spas and nearby buildings presents a big untapped potential. The
other advantage of such sites is that the presence of the resource has already been proved
(i.e. wells have been drilled); this eliminates a
major part of cost for project development.
Finally, it has to be mentioned that a large
number of the towns involved in the DARLINGe
have signed the Convenant of Mayors. This is
dedicated to reducing the CO2 emissions of
these settlements, thus increasing the share of
renewables in the local heating systems. Summing up, one can state that there is a significant heat demand represented by the different
types of settlements situated in the project territory, and in many cases this demand fortuitously matches the available geothermal
energy resources (Figure 5.4).

RURAL AREAS < 500 INHABITANT/KM

2

These include areas with population densities
ranging from those of small villages to garden
cities with numerous green spaces. Here the
distribution network for heat is often absent
and therefore these areas tend towards the
local generation and use of renewables. In such
cases the use of deep geothermal energy for
individual space heating is less pronounced.
However, although the use of ground-source
heat pumps (for shallow geothermal energy)
may be significant, this is out of the scope of
the DARLINGe project and therefore is not discussed further.
Large areas of the DARLINGe project are typically sparsely inhabited agricultural regions, but
even so these areas represent potential heat
markets for a wide range of applications of
geothermal energy in the heating of greenhouses, plastic tents, stables, hatcheries, the
drying of products, soil heating, fish farming,
etc. Therefore the agriculture sector represents
the other significant potential heat market for
the use of geothermal energy in the area.

INDUSTRY
Industrial applications are typically found in
designated industrial zones with a high building density. These zones have a high energy intensity and have a greater demand for higher
temperatures than residential consumers. This
is why they also have a more constant roundthe-clock energy demand.
Such areas are relatively rare in the DARLINGe
territory.

ECONOMICS OF GEOTHERMAL
HEATING PROJECTS
Compared to other renewables and even more
so to fossil-based projects, geothermal projects
have special characteristics in terms of cost
structures and their distribution along the project life-cycle. Figure 5.5 shows the variation of
cumulated investment costs and risks through
the progress of a large scale geothermal project, from preparation to putting into operation.
A significant part of the investment happens at
the beginning of the project. This is during the
exploration phase when drilling takes place;
drilling is a major cost component of a geothermal project (high capital investment — CAPEX).
The main financial barrier facing geothermal
projects is the lack of sufficient funds for
drilling the first well in the exploration phase.
In this phase there is still a chance that the
project could fail completely. This occurs when
the planned geothermal resources (with the
required yield and temperature) cannot be
found due to the inadequate level of knowledge about the subsurface conditions (geological risk). The combination of a high upfront
investment cost and the simultaneous significant geological risk makes it almost impossible
to finance these projects with reference to
pure market conditions. This is why there is a
need for geological risk-mitigation schemes
(see also chapter 6 on risk mitigation).
After drilling and once the geothermal resources have been confirmed, costs remain
significant in the construction phase of a plant
(i.e. construction of the thermal power station).
These costs vary widely as they may include
different installation technologies and services,
and they depend strongly on the individual
sites and conditions — for example, the temperature and pressure of the resource, yield,
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Figure 5.5. Variation of the cumulated cost and risk level of large geothermal projects (Source: Sigurður Lárus Hólm, Mannvit Kft.)

reservoir depth and permeability, and fluid
chemistry. Also relevant is whether the project is
at a greenfield site or is an expansion of an existing plant. Development costs are also strongly
affected by the prices of other commodities
such as oil, steel and cement. Therefore, reported
“average numbers” have a great range (Figure
5.6). In 2011 the IEA reported an average range of

45 to 85 USD/MWth for district heating and 40
to 50 USD/MWth for greenhouse heating. However, due to much cheaper labour and material
costs these numbers are definitely lower in the
DARLINGe countries.
For comparison Tables 5.1 to 5.3 show reference
numbers based on actual geothermal project
plans in SE Hungary alongside some cost es-

Figure 5.6. Levelised cost reduction for geothermal heating-cooling technologies
2012–2030. GeoDH refers to geothermal district heating („deep geothermal”),
while GSHP to geothermal heat pumps („shallow geothermal”). (Source: Geothremal Technology Roadmap, European Technology Platform on Renewable
Heating and Cooling 2014)
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Table 5.1. Average costs of geothermal cascade systems in Mórahalom, Makó,
Csongrád and Szeged in Hungary

The numbers stand for newly-developed systems in which (1) production wells and (2) injection wells are drilled; a 1–3 km pipeline system is used to distribute geothermal water to
end-users, usually with utilisation for balneological/agricultural purposes as the final step.

Table 5.2. Average costs for the integration of geothermal energy into district heating
systems

The examples presented refer to four systems under development in Szeged (Hungary),
with (1) production wells and (2) injection wells already drilled. The geothermal energy is introduced via a short pipeline to the nearest existing heating centre of an already-operating
district heating circuit to provide heat and decrease the use of natural gas.

timations from Serbia. However, attention
must be paid to the fact that no two projects
are the same. Some differences are minor but
it is, for instance, difficult to compare a development utilising surface discharge with another one using reinjection. Furthermore, there
are many other variable factors too: drilling
prices have increased in recent years due to
high demand, while oil (and natural gas) prices

are relatively low — both of these affect the
payback periods of geothermal investments.
Therefore benchmarking needs to be used
with a certain degree of caution, and should
neither deter developers, nor give rise to unsubstantiated hopes without the evidence of
site-specific studies and analyses.
Once the geothermal resources are confirmed
and the field is eventually developed, the oper-

Table 5.3. Estimated investment cost for a geothermal plant in Serbia
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Table 5.4. Estimated annual operation and maintenance costs of a geothermal plant in Serbia

In accordance with the German practice, annual maintenance costs are estimated to be 0.5% of the investment
costs in boreholes, 1% of the investment costs in electro-mechanical equipment including pumps, and 4% of investment costs in the thermal water cycle.

ational costs (OPEX) of a geothermal project
are low (Table 5.4)

to include the heat sector. However, the heat
sector is dominated by heavily subsidised fossil
fuels, ensuring the control of markets by longestablished, entrenched operators.

OUTLOOK

In order to make geothermal heating competitive, it is necessary to phase-out fossil fuel
subsidies and put a price on their externalities,
including those concerning environmental,
social, innovation and economic issues. Furthermore, regulated prices should be terminated. In most EU countries there is no carbon
price, as 90% of the heat sector falls outside
the scope of the Emission Trade System (ETS),
and only a limited number of countries have a
carbon tax in place in the non-ETS sectors.
Therefore it is necessary to price greenhouse
gas emissions in the non-ETS sectors. Where
this is not politically feasible, a fuel switch to
renewable sources of heating should be supported.

There is an enormous untapped potential in
the heating and cooling sectors for the decarbonisation of the EU economy, for the reduction of energy dependency, and for an increase
in competitiveness on the energy market. Geothermal technologies are already available and,
under the right circumstances, cost-competitive. However, they could progress even further
if the right decisions are made today.
Geothermal projects are often considered expensive, but if the economics of a geothermal
project and a fossil fuel-based project are compared, there is not so much difference in the
total costs. It is rather the case that differences
exist in the distribution of costs along the full
life-cycle of the project. Thus, although the full
costs of a fossil-fuel based project (i.e. the environmental damage) will be paid by future generations, these externalities are hardly ever
taken into account.
Until such time comes when a much higher
level of “environmental awareness” and responsible thinking on sustainability is reached,
consumers will always choose cheaper solutions. This is especially true for Central and SE
Europe, where the average level of living standards is still below the European average.
In order to achieve a truly competitive EU internal energy market, full competition should be
guaranteed beyond electricity and gas markets
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The unfavourable cost profile of a geothermal
project (high upfront CAPEX, with a long, extensive and expensive project development
period), at the same time coupled with significant risks, does not make geothermal projects
attractive to investors. What is more, the relatively long pay-back time (10–15 years on average) also makes these projects unappealing to
the financial sector. Once a RES project becomes an option, investors are more favourably
inclined towards renewable electricity projects,
and these appear to be even “simpler” if access
to a grid can be ensured. Furthermore, existing
feed-in tariffs make the project economically
viable. This is unlike the case with a heating
project where the building of a new pipeline infrastructure is costly. Furthermore, in older sys-

tems the technical parameters might have
been designed for a higher temperature, thus
making renovation a more complex task. Yet
another issue is the virtual absence of green
heat tariffs.
As highlighted by an EGEC Policy Paper (EGEC
2015: Fuel switch to Renewables in the Heating
and Electricity Sectors), an important driver for
fuel-switching is access to financing. Lack of
such access is currently a huge barrier preventing the integration of renewable heating and
cooling (RHC) into buildings and industrial
processes. Decentralised and small-scale RHC
technologies, such as geothermal heating systems, require investment by households, as
well as commercial and industrial consumers.
However, the higher upfront investment
coupled with the significant geological risk in
the exploration phase tend to deter such investment. In order to overcome this obstacle,
public risk insurances are needed in the form
of repayable grants in emerging geothermal
markets, and public-private funds in more mature markets should be available to encourage
project developers.

Support schemes can be designed efficiently
only if they are technology-specific. With regulatory measures it is necessary to go beyond
a ‘one-size-fits-all-approach’ and to take into
account the respective sizes, applications, features, and market and technology maturities of
RES/geothermal
technologies.
Attention
should be paid to the required aid needed to
back up investment (albeit not so much to aid
for operating a system).
Some kind of financial support also has to be
maintained during the operation phase of a
project. This ensures continuous economic motivation of the project-owner to maintain energy production. A feed-in premium may be
the best instrument for ensuring the long-term
profitability of a project by providing a balance
based on a comparison with the utilisation of
fossil fuels.
Finally, it has to be emphasised that renewables for heating and cooling and energy efficiency should be addressed at the same time,
notably in the building sector. This is because
they face similar barriers and could thus generate synergies.
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INTRODUCTION
In order to provide practical methods and techniques for thermal water users, authorities,
project developers for the sustainable management and effective operation of geothermal
energy resources, three methods have been
developed, that from complementary modules
of a tool-box, presented below. They have been
tested and evaluated in three transboundary
pilot areas in the Pannonian Basin using a unified and harmonised approach. These are, respectively, the Hungarian–Romanian–Serbian,
the Slovenian–Hungarian–Croatian, and the
Serbian — Bosnian and Herzegovinian basin-fill
and basement geothermal aquifers. The pilot
results are discussed in chapters 7.1, 7.2, 7.3.

BENCHMARKING
Achieving sustainable exploitation of geothermal aquifers based on good governance is a
recurrent challenge on a global scale. In many
cases these aquifers are transboundary, i.e.
shared by several countries and necessitating
the use of common assessment methodologies,
monitoring procedures, and data-sharing.
An innovative benchmarking methodology for
managing the region around Lake Geneva in
Switzerland (based on the work of LACHAVANNE,
JUGE 2009) has been further developed and refined within the DARLINGe project. This development should provide an easily comparable,
informative tool for thermal water management and it should also support measures for
more efficient energy production.
As a first step, potential beneficiaries of the
benchmarking methodology and their needs
have been identified. Five main stakeholder
groups, each with different interests, can benefit from this methodology. These are: 1) management authorities, including international
organisations, 2) licencing authorities, 3) thermal
water users, 4) investors in geothermal use,
and 5) research organisations and universities.
In the second step, relevant criteria for the
benchmarking methodology were defined.
These include, for example, transparent, harmonised, well-defined and understandable terminology; a methodology with worldwide
applicability and which is not dependent on
local geothermal exploitation characteristics;
informative, quantitative results; and a clear
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delineation concerning the availability of information.
The key issues which can affect the quality of
benchmarking were also identified and efforts
have been made to minimise their impact, during both data collection and evaluation. Such
key issues involve: the existence of actual data,
availability and reliability of information, reference dates, types of geothermal objects to be
included, and weight assignment of the indicator.
Following on from this, four benchmarking indicator types have been defined and, within
these, a total of 12 benchmarking indicators
(Table 6.1). The required data collection and
presentation/evaluation levels were also defined for each indicator. The resulting calculation is grouped into five categories, namely: a)
high need for improvement, b) need for improvement, c) reasonable practice, d) good
practice, and e) very good practice.

INDICATORS RELATED TO MANAGEMENT
Licencing procedure: This indicator describes
the transparency and simplicity of national or
regional legislation. For example, it takes into
account such details as whether licencing is required (or not) to use thermal water, whether
at least 80% of active objects have a licence
granted, or whether only one type of concession
fee has to be paid in order to produce thermal
water by licence annually, etc.
Monitoring requirements: This indicator describes what the licence-owners within one
country are obliged to monitor and report on,
based on the licencing requirements. It checks
whether the following are carried out: (a) regular chemical analysis of thermal water, (b) regular performance of hydraulic testing of wells
to determine their maximum and/or optimal
discharge rate, (c) regular interpretation of
measured values, and (d) regular reporting on
monitoring to an authority.
Monitoring setup: This indicator is linked to the
choice of parameters to be recorded at a utilisation site, and it also requires available data at
object level (i.e. wells). It can be simple (e.g. only
the water level), or it can involve complex monitoring. In the latter numerous parameters are
recorded with respect to both the production
and monitoring of wells. Inactive production
wells with licences are also included in the calculation.

Table 6.1. List of benchmarking indicators, data collection and presentation level

Passive monitoring: This is a regionally specific
indicator when there is/are observation wells in
a geothermal aquifer monitored by a national/
regional environmental agency or similar organisation.

INDICATORS RELATED TO TECHNOLOGY
AND ENERGY

Operational issues: This indicator shows (a)
whether appropriate technical requirements
are met at well installations, (b) whether problems (e.g. scaling, utilisation of gas content) occurring during operation are successfully
mitigated, (c) how efficiently the water usage
is implemented and (d) it also describes the
overall status of documentation at an operational site.

INDICATORS RELATED TO
ENVIRONMENTAL ISSUES

Reinjection: This indicator shows the reinjection status at a specific site, and it is important
for evaluating the sustainable thermal water
exploitation. The reinjection rate is calculated
based on the ratio of the volume of reinjected
and abstracted thermal water used for geothermal energy production. It also takes into
account whether the reinjection is performed
into the same aquifer from where the water is
abstracted.

Cascade use: This indicator is related to the energy abstraction practice of a site, if geothermal
resources are used for more than one sequential application.

Over-exploitation: This indicator is related to
the potential significant impact of water abstraction on piezometric groundwater levels,
water temperatures, groundwater availability,
water quality, and groundwater-dependent
ecosystems. According to the geothermal systems investigated in the DARLINGe project,
subsidence is not relevant and thus it was not
included in the indicator criteria.

Thermal efficiency: This indicator is determined from the ratio between the actually used
and the available heat energy, where the mean
annual air temperature is applied as a reference.

Status of water balance assessment: This indicator is a measure of the respective levels of
the type, availability and reliability of information on the evaluation of the water quantity
status of an aquifer at a particular site.

Utilisation efficiency: This indicator is the ratio
of the average annual water production to the
maximum water quantity that is permitted or,
if this data is not available, the amount of water
that could theoretically be produced.

INDICATORS RELATED TO SOCIAL APPROACH
Public awareness: This indicator was tested at
site level; it highlights how much information
on a particular geothermal resource (and its
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use) is publicly available through websites and
easy-accessible promotional publications.
The online calculation tool for the indicators
and pilot test results are available on the
Danube Region Geothermal Information Platform at https://www.darlinge.eu.

DECISION TREE
Developing a geothermal project is a complex
and time-consuming procedure. It frequently
occurs that potential developers (e.g. municipalities) underestimate the number of issues —
from all the very different fields involving geothermal energy — which have to be considered
in order to start the actual work, and to reduce
the risk of an unsuccessful project. Therefore
the main aim of this tool is to raise awareness
with respect to the complexity of geothermal
project development, and to draw attention to
all the key aspects requiring consideration before a decision is made on whether to proceed
with a particular project. The tool follows the
structure of a decision tree.
The principle of the decision tree tool is to present the questions most likely to occur during
the project development — namely, from the
initial idea until the geothermal system is set
up and running. The types of questions which
arise refer to four very important aspects:
1. Resource: the geothermal resource itself,
including technological aspects of the subsurface and the surface part of the system.
2. Marketing: referring to the aspects of selling the product of the system: in this case,
heat.
3. Licensing: procurement of licences granting necessary permits, to be submitted to
the relevant authorities.

72

4. Funding: aspects of project financing.
When a project developer is preparing/running
a geothermal project it is necessary to harmonise the activities of the different fields
mentioned above, in order to increase the successful completion of the project. Due to the
high upfront costs associated with geothermal
developments, there are significant risks involved. Besides resource risks (which are discussed under the Chapter Risk Mitigation),
there are also risks attached to marketing, licensing, and funding. Furthermore, if it becomes impossible to manage decision-making
properly, including the timing of decision-making, a management risk will emerge.
The tool is based on a relatively simple project,
where the implementation of a geothermal
doublet (i.e. one production well and one reinjection well) is planned. This would involve the
connecting of surface pipes and a heat centre
so as to provide heat for a local community.
The tool consists of series of questions to which
the developer and his expert teams need to
find answers. Once this process has been completed, decisions can be made. The questions
are grouped into fields and this represents the
beginning of the initial stages of an ideal project. The answers to be provided are simply
“yes” or “no”. After answering several questions,
a decision is needed on whether to continue
the project or not. If the decision is positive, further questions will be considered in order to
take the next step. The tool helps the decisionmakers to find the most reasonable solution by
indicating the share of “yes” or “no” answers
given for each separate field. There is an explanatory text for almost all questions and this
helps to clarify the meaning of the relevant
question. The decisions included in the tool according to the different periods of the project
are the following:

The user has the freedom to approve a decision
even if the number of “no” answers prevail —
although this does increase the risk of failing in
the next phase. However giving a complete
“no” answer, to all aspects relating to a particular decision means the end of project.
The online version of the Decision Tree tool is
available on the Danube Region Geothermal Information Platform at: https://www.darlinge.eu.

RISK MITIGATION
INTRODUCTION
Risk mitigation is a type of risk treatment that
deals with the avoidance of the negative consequences of an activity. All risk mitigation
activity is costly. While the actual cost of an activity can be calculated with relatively reliable
accuracy — consisting of some services and
use of devices and materials — the evaluation
of the real contribution of a mitigating measure to the success of a project is problematic.
This is quite a difficult task during geothermal
exploration because, on the one hand, the confirmation of success is available only after performing numerous costly construction activities
(e.g. drilling a well which can produce thermal
water) while, on the other, the limited access to
the subsurface does not ensure the easy implementation of obvious verifications. Due to the
complexity of the measurements and the insufficient visibility in connection with the subsurface, it is hard to decide the nature of the
exclusive role of a mitigation measure in the
success of a project. In addition, there are numerous types of mitigating techniques, the
usefulness of which can be assessed only after
long-term operation. Besides the factor of cost,
the mitigation activities also have an effect on
the timeline of a project. The application of a
given measure might call for special conditions
and could also have an adverse effect on the
success of other activities, including other riskavoidance measures.
The application of a given risk mitigation measure is the result of a decision. The development
of a geothermal project is full of opportunities
to make decisions — decisions which can have
an impact on the overall project development
and its success. The risk-owner is responsible
for making these decisions, and these might
include the acceptance of risk, or the application of risk mitigation measures. Such de-

cisions should also be documented and their
implementation requires an accompanying explanation. This is essential later for recalling the
conditions and considerations when the decision was made. When a mitigation measure
is applied, the monitoring of its completion and
the documentation of its consequences are
strongly recommended.

METHODOLOGY
The Danube Region Geological Risk Mitigation
methodology is based on the identification
and description of a series of mitigation measures for avoiding possible damage during the
completion of an idealised, conventional deep
geothermal project in the Danube Region, in
both porous and fractured reservoirs. The
scheme is based on an idealised project, which
consists of the planning and drilling of a doublet
(one production and one reinjection well). The
wells are connected and the fluid is circulated
via heat exchangers to bring about the production of heat and/or electricity.
After establishing the above-described conditions, the first step in the creation of the
scheme is the identification of the potential
damage that might occur in a geothermal project (Figure 6.1). “Damage” is defined as a result

Figure 6.1. Procedure of creating a Geological
Risk Mitigation Scheme in the DARLINGe
project
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Figure 6.2. The phases of an idealised geothermal project

which differs from the expected results, and
creates (a) an increase in original project costs,
or (b) a decrease in the future, planned income
of the project. The causing of damage can be
observed during various phases of a geothermal
project: namely, during the drilling of a well,
during production testing, or during operation.
The declaration that damage has occurred is
based on the observation of some form of evidence which verifies its presence. A particular
type of damage might be verified by presenting different types of evidence during different
project phases.
The next step was a retrospective identification
of risk events that can cause a given type of
damage; these events are then defined as a
pair of “if” and “then” relations. As with a root
activity, the precondition of a given risk event
needs to be defined as well.
When a risk event is known, then the connected risk mitigation measure(s) can be defined. For the design of a measure, the timing
of its application and its conditions also have to
be identified. The mitigation measures can be
grouped into different activities like (1) interpretation of geoscientific data, (2) collection of
new geoscientific information, (3) technical
activity, (4) hydrogeological modelling and (5)
monitoring activity.
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Taking into consideration the most serious
form of damage — that is, the loss of a well —
the mitigation measures in the case of poor exploratory data focus almost exclusively on
proper data collection. This involves the interpretation and procurement of new geoscientific data using new measurements. The reliability of exploratory data and its interpretation
is relative, but the use of a second opinion
presents an opportunity for the risk-owner to
decide on the possible need for further analyses and measurements.
In order to avoid the above situation, when the
proven amount of energy delivered by the first
well is lower compared to the expected volume,
numerous mitigation measures of different
kinds are available. For example, the reliability of
data and their interpretation can be increased,
and proper hydrogeological modelling can then
be applied. These factors are based on sound
data collection, especially during the production
test used with the well(s).
There are different amending activities which
might diminish certain types of damage. The
lack of water-bearing layers in the already
drilled production section might be amended
by drilling even deeper, if conditions allow this
opportunity. The underperformance of wells
might be amended using stimulation meth-

ods, such as the respective thermal, chemical
or hydraulic types. These activities do not belong to the risk mitigating measures, because
they are performed only after the damage has
been observed.
When the list of mitigation measures — according to the respective types of damage — is
available, the restructuring of the risk mitigation measures can then be made according to
project phases. Such a scheme would provide
guidelines for a project-developer that enables
identification of the type of mitigation measure which could be made in due time at a
given project phase; in this way damage can be
avoided.
Figure 6.2 presents the defined phases of an
idealised project. The indicated project phases
are not exactly subsequent phases. Most of
them run parallel to each other, albeit at given
periods, and they have definite roles. Thus the
actual work at each phase might start earlier
(or last longer with respect to the given period)
than when the actual, responsible work is performed. The figure indicates the responsible
partner or service at each phase as well.

RESULTS OF THE SCHEME
The result of the scheme is the listing of mitigation measures according to project phases.
Reconnaissance phase
The reconnaissance phase is the earliest phase
of project development. It starts from the inception of the project idea and lasts until a decision is made about whether or not to obtain
an exploration permit. During this period the
collection of existing data, maps, literature, and
reports, and the performance of a quick and
cheap chemical analysis are part of data-gathering. Based on the above-mentioned data and
a visit to the planned site, an evaluation can be
made about the general features of the resource and the estimated profitability of such
a development. The evaluation might include
a proposal to carry out further steps in relation
to exploration activity. The risk-owner can use
the results of the reconnaissance study to justify his decision with regard to applying for an
exploration permit. As the main challenge of
this phase is to accept the financial risk attached to an exploration permit based on available data, the mitigation measures have a very
limited role during this time. Consequently,
these measures are not described here.

1st geological evaluation phase
This phase involves data-gathering and interpretation activities made exclusively by geoscientists. Theoretically, it starts in the reconnaissance phase and lasts until the drilling; however,
the main activity takes place between the acquisition of an approved exploration permit and
the start of the design phase. The main challenge of geological evaluation during this period
is to provide reliable data for the design of the
first drilling, and for the surface systems. In this
phase all mitigating activities are connected to
the improvement of already available data and
new data collection. The collection of temperature, production and fluid chemistry data, as
well as the interpretation of geological information are recommended to gain more knowledge
of the subsurface properties in general. This will
allow a more confident identification and characterisation of the target formation and assist
in evaluating likely difficulties with respect to
the drilling. Accurate hydrogeological modelling
(including data collection and interpretation) is
suggested as a measure for locating adequately
the respective sites of the doublets/ triplets. Furthermore, it will decrease the likelihood of early
cooling of the production wells, as well as preventing adverse impacts on nearby wells.
1st design phase
The design phase comes after the geological
evaluation and here the drilling engineers and
mechanical engineers have the leading role.
The most important outcome of this phase is
the plan for the drilling itself, or the drilling programme. The measures focus on yield predictions, hydrogeological modelling and the
design of the production section. It is necessary
to bear in mind that most of the technical mitigation measures that have to be completed in
the next drilling phase(s) should be designed
in advance: namely, in the relevant design
phase.
1st drilling phase
The drilling phase involves the active onsite
work of drilling. It starts from the mobilisation
of the rig and lasts until the finish of drilling;
furthermore, it also covers the testing activities
in general. During this phase the drilling contractor has maximum responsibility for securing the highest professional standards of work
and this includes safety measures. At the same
time the risk-owner has the right to supervise
the activity of the drilling company. In this way
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the risk-owner can check the compliance of
planned and performed activities. He can thus
act in due time should a decision be needed if
new information emerges, and the originally
planned activities require some form of alteration. The mitigation measures of this phase
are technical activities and should be designed and/or procured prior to the actual application.
During the design and drilling phase, there
are several highly-recommended measures.
One of these involves designing the production section of the well with an 8 1/2” borehole
diameter and using under-reaming (enlarging
the diameter) and a gravel pack (or gravel filter) in the production section. This is especially
relevant when drilling in porous aquifers.
Other recommended measures include the
use of clay minerals-free drilling mud. The latter is properly treated in the mud system by
removing cutting particles, which improves
the permeability of the well. The use of a professional service provider and supervision of
the cementing activities are recommended
for appropriate isolation in the well. By designing a hydrogeological model, or performing
adequate chemical sampling and analysis of
produced fluid, the scaling and corrosion potential can be evaluated. This also assists in
avoiding the use of LCM (lost-circulation material) during drilling of the production section.

technical measures for the subsequent drilling
phase should be done at this time.
2nd drilling phase
The period of 2nd drilling is like that of the 1st
drilling: it starts from the mobilisation of the rig
and lasts until the finish of the drilling. Besides
the general technical measures of the 1st
drilling phase, there are two additional measures: (1) in the case of a porous aquifer, the production section of the reinjection well should
not contain fine-grained sediments and (2) an
adequate interference or tracer test should be
performed to get information for the verification of the hydrogeological model.
3rd geological evaluation phase
The 3 geological evaluation is based on the
data collected during the completion of the
second drilling. The only, and thus most important, mitigation measure of this phase is the update of the hydrogeological model with the
help of data gained during the interference
and tracer tests.
rd

Completion phase
The completion phase covers the activities of
surface works excluding drilling activities. During this phase only one mitigation measure is
carried out: namely, adequate filtering of the
produced water.

2nd geological evaluation phase
The 2nd geological evaluation is based on the
data collected during the completion of the
first drilling, and the person responsible for the
evaluation is a geoscientist. The result will be
used in the planning of the next drilling and
surface facilities. The mitigation measures of
this phase are in connection with the hydrogeological modelling. This includes data collection
and interpretation, and adequate evaluation of
the corrosion and scaling potential. Calibration
of the hydrogeological model by interference
and tracer tests using the existing wells is also
suggested, because this could improve the reliability of the model.

Operation phase
The operation phase is when the construction
is finished and the plant is working continuously according to the approved permit for operation. The mitigation measures of this phase
are technical activities connected to regular
control and maintenance; these include adequate filtering of reinjected water, regular
checking and maintenance of the wells, and
monitoring of different properties of the produced fluid.

2nd design phase
The second design phase is based on the data
of the 2nd geological evaluation. There is no explicit mitigation measure (identified for the
idealised project) which could be performed
during this phase. Meanwhile, the design of

Based on the performed testing of the scheme
in the pilot areas, the amount of available data
had the strongest effect on the selection of the
mitigation measures. When the amount of
available data was low and/or of poor quality,
the recommended mitigation measures were
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APPLICATION OF THE SCHEME

mainly concerned with data interpretation and
procurement of new data to increase the predictability of the subsurface circumstances
(Serbia — Bosnia and Herzegovina pilot area).
When the amount of data was significant, and
the parameters of the subsurface were known
with a high degree of certainty, the mitigation
measures were primarily connected with the
proper use of hydrogeological modelling in
order to avoid conflicts with existing thermal
water usage (Slovenia–Hungary–Croatia pilot
area and Hungary–Romania–Serbia pilot area).

The online version of the Risk Mitigation tool is
available on the Danube Region Geothermal Information Platform at https://www.darlinge.eu.

REFERENCES
LACHAVANNE, J.-B., JUGE, R. 2009: LEMANO, pour
une gestion durable de l’eau, — Lemaniques,
revue de L’association pour la sauvegarde du
Léman. 72 p.

77

78

7.1. The Hungarian–
Romanian–Serbian
pilot area

Éva KUN
János Szanyi
ana VranJeš
Stefan Oláh
Teodóra SzőcS
nóra Gál
natalia-Silvia aSimOpOlOS

lászló ádám
Gábor markOS
lászló zilahi-SebeSS
ilena JámbOr
radu FarnOaGa
Tamás medGyeS
attila cSanádi
Tamás ÉzSiáS

InTRoducTIon
Each country in the pilot area has investment
plans for developing new geothermal utilisations. The largest volume of these investments
is related to the development of the district heating system in the Szeged, Hungary. Given the
excellent geothermal potential of the area, the
new management of the Szeged District Heating Company (SZETÁV) has outlined a 10-year
roadmap for the introduction of geothermal
energy into 9 of the company’s 23 heating circuits. Based on detailed preliminary studies —
also involving some of the DARLINGe consortium partners — this development started in
the middle of 2019. During the project and in
the near future 27 new wells (9 triplets, each
composed of one production and 2 reinjection
wells) will be drilled in the city. The integration
of geothermal energy is expected to cut the
total gas-consumption of the district heating
system of the city by 50%. This ambitious plan
targets the regionally-extended Upper Pannonian porous basin-fill geothermal reservoir,
which spreads beyond the border of Hungary
(HU) into Serbia (SRB) and Romania (RO). Therefore the main challenge up to now has been the
acquisition of a better understanding of the re-

gional thermal water-flow system of the area.
Such understanding is necessary in order to be
able to predict the possible effects of the expansion of the Szeged system on the already
existing wells and on the more distant parts of
the reservoir.

SeTTIngS
geogRapHIc oveRvIew
The Hungarian–Romanian–Serbian pilot area is
located in the central and southern parts of the
Pannonian Basin (Figure 7.1.1). The Serbian part
is called Vojvodina (North Banat district and
North Backa), the Hungarian part covers parts
of Csongrád county and has the largest city
(Szeged) in the area, while the Romanian part
is mainly in Timis county, and to a lesser extent
Arad county. The areal extent of the pilot area
is cca. 4,600 km2; however, a 15 km-wide extension of the pilot area was included so as to better align the regional thermal groundwater
flow systems and to eliminate the “border effect” near the area of interest. Thus the overall
study (i.e. model area) covers about 9,250 km2
(Figure 7.1.1).

Figure 7.1.1. Outline of the model area of the HU–RO–SRB pilot area
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The pilot area is a fertile agricultural plain within
the larger Pannonian Basin, with an altitude of
around 75 m a.s.l. The region is criss-crossed by
parts of the Danube – Tisza – Danube Canal
system which serves a variety of economic purposes. In the countryside the agricultural sector is predominant and has potential for further
growth.
The climate of the pilot area is transitional
between oceanic and continental, with cold
winters and hot summers. Due to the high
number of hours of annual sunlight, Szeged is
often referred to as the City of Sunshine. The
temperature averages 10.9 °C (the average annual temperature drops from 11 °C in the South,
to 9 °C in the North). The rainfall averages 550–
600 mm/yr. The rainfall is significant with precipitation even during the driest months. General climatic features show various and
irregular weather conditions. The dominant
temperate air masses are of oceanic origin
during spring and summer and come with a
high level of precipitation. Frequently, even during winter, the humid Atlantic air masses
bring rain and snow, but rarely cold weather.
Szeged is a regional centre of education and
research, and one of the centres of the food industry in Hungary; it has a population of
161,879. In the Serbian part the city of Subotica
is the second largest city in the Vojvodina
province with a population of 97,910. The town
of Palič is situated about 8 km from Subotica,
in the vicinity of the Palič Lake (380 hectares
with a 17-kilometre shoreline). This is a wellknown place in the region, being a nature park
with a long tradition in tourism and with great
potential for development. The town of Kanjiža
has a well-known spa and rehabilitation health
centre. Kanjiža has a population of 9,871. In the
Romanian part of the pilot area the major
towns are Sannicolau Mare, Jimbolia and Lovrin with populations of 11,540, 13,597, and 3,752
respectively.

geologIcal, HydRogeologIcal and
geoTHeRmal condITIonS

The pilot area lies in the central and southern
parts of the Pannonian Basin over one of its
deepest sub-basins, the Makó Trough (Figure
7.1.2). The basement of the area has a depth of
5–6 km in its deepest parts, and is built up of
nappe structures. These structures belong to
the Codru nappe system in which the metamorphic basement complex has been thrusted
over the Palaeo–Mesozoic sequence by a

northern, north-western vergence (HAAS, BUDAI
2014). The basement is primarily built up of
crystalline and carbonate formations.
The 3 to 5 km-thick Neogene basin-fill sequence
represents the gradual filling up of Lake Pannon
by a prograding shelf system fed by sediments
from the surrounding Alps and the Carpathians
(BéRCZI et al. 1985) (this is discussed in detail in
chapter 3). Like other parts of the Pannonian
Basin, the main geothermal aquifers are associated with the Upper Pannonian sandy sequences which were deposited in a nearshore
environment. On average, in the pilot area these
sequences have a depth of between 500 and
2000 m. This is overlain by fine- and mediumgrained sandstones comprising clay-marl and
silt; furthermore, in its uppermost parts palaeosoil and lignite interbeddings are present. The investigated area is covered by a nearly 1000
m-thick Pleistocene succession, dominantly
made up of fluvial sediments.
The largest amount of thermal groundwater in
the area is stored in the thick Upper Pannonian
sandy aquifers. Due to the geology of the area —
i.e. a deep sub-basin — these aquifers are situated at considerable depths (between 500 and
2000 m on average) and thus their respective
temperatures are also relatively high (50–100 °C).
This also means that lukewarm (around 30 °C)
thermal waters are common in the overlying
thick Pleistocene sediments.
In the basin-fill sediments the thermal waters
studied were mostly of an NaHCO3 type, both
in the Quaternary and in the Upper Pannonian
sedimentary sequences. Additionally, Ca and
Mg are also present in higher concentrations
together with Na, depending on the position of
the wells along the flow-paths. The influence of
the regional flow-paths can be observed in
places where higher Cl concentrations result in
NaHCO3Cl type groundwater. The thermal waters in the basement are of an NaCl type. Mineralisation increases as depth increases and is
close to about ten thousand mg/l. Gas concentration data are available for less than 25% of
the wells. However, in some locations high gas
(mainly methane) content is associated with
thermal waters within the Upper Pannonian
sedimentary sequence. The high methane
concentrations could provide a resource to be
potentially utilised as a renewable energy
source parallel with the thermal water extraction. In some places Br and I concentrations
can also be high.
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Figure 7.1.2. Geology of the HU–RO–SRB pilot area A) Tracks of the geological cross-sections,
B) Geological cross-section number 4, C) Geological cross-section number 5
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New groundwater samples were collected and
analysed from the basin-fill sediments in the
Hungarian part of the pilot area. This was not
only to check the actual groundwater composition but also to provide groundwater age determinations in order to carry out verification
of groundwater modelling. These data confirm
the NaHCO3 water type of these aquifers and,
also very important, show groundwater ages of
up to twenty thousand years. This indicates
that recharging occurred during the Pleistocene. Furthermore, the oxygen and deuterium
isotope data in Magyarcsanád show that connections exist with deeper reservoirs.

cuRRenT uTIlISaTIon pRacTIce
exploITaTIon of THeRmal waTeR
The use of geothermal energy has a long history in the area, especially in Szeged and its
surroundings in the southern part of the Great
Hungarian Plain (SZANyI, KOVÁCS 2010). The first

research dealing with thermal water was carried out in Szeged in the 1880s, and the first
thermal well was drilled in 1927. However, after
that the geothermal energy utilisation slowed
down.
There are 183 geothermal wells within the HU–
RO–SRB pilot area. Of these, 171 are used for
production, 1 is for production and reinjection,
and 10 are reinjection wells (Figure 7.1.3). There
is only one monitoring well in the area, situated at Mindszent, Hungary. The depth of the
wells varies between 380 and 3,410 m. The
temperature of the outflowing water varies
over a broad scale, being between 25–98 °C.
There are no big differences within the numbers related to the different outflowing temperature categories (30–50 °C, 50–75 °C, 75–100
°C); furthermore, wells between 50–75 °C are
the most common (36%). Most of these wells
are located in Hungary (143), only 9 wells are
situated in Serbia, and 31 are in Romania. All
the wells are screened to porous basin-f ill
aquifer layers. However, not all these wells are

Figure 7.1.3. Thermal water utilisation sites in the HU–RO–SRB model area
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active at the moment (especially with reference to Serbia and Romania), and data are not
available for all of them. This is why a smaller
number was taken into account in the benchmark evaluation (see later).
The geothermal water is most frequently utilised for balneology, but geothermal district
heating systems and agricultural greenhouse
utilisations are common too. The most complex
utilisations are found in Hungary, with a number
of cities having geothermal district or town
heating systems. Among these, the biggest are
in Szeged which at the moment has 7 wells (3
production + 4 reinjection); Hódmezővásárhely
has 8 wells (6 production +2 reinjection); Mórahalom has 5 wells (3 production +2 reinjection),
and Makó has 5 wells (3 production +2 reinjection). The heat in these systems is used in a cascaded way and in most cases there is a spa at
the end of the thermal water utilisation sequence. The systems also have partial reinjection. Agricultural utilisation of thermal waters
has long traditions in the area, especially in Hungary and has been going on for decades. Most
of the horticultural centres which use geothermal energy usually operate with 1 or 2 wells, but
Floratom Ltd, the biggest in the region, has 12
production wells. Agricultural users do not reinject the used thermal water, but let it flow to
surface recipients (streams, rivers, artificial lakes,
etc.). The water management company in Szeged utilises 24 wells for the drinking water
supply and these wells produce mostly lukewarm water (with temperatures near or slightly
beyond 30 °C).

planned and new systems over the whole of
the pilot area, given the similarity of the geoenvironment and its water chemistry.
During the exploitation of geothermal energy
in Szeged, three types of problems have often
been encountered:
– Scaling on the pipeline wall during operation.
– Clogging of reinjection wells.
– Direct interaction of the co-existing thermal
wells.
Although geothermal wells and cascade
systems can be subject to corrosion too, this is
a problem which occurs over a longer period of
time and does not affect daily operation.
Scaling
The most acute problem in the pilot area is carbonate scaling (Figure 7.1.4). Solubility of a particular mineral in geothermal systems depends
on the temperature, pressure and chemical
composition of the thermal water. The carbonate precipitation in the pipelines takes place
during thermal water extraction, generally
through open-vented wells. In such situations
the pressure and temperature drop and this
(especially the drop in pressure) tends to decrease the solubility. When the thermal water
becomes saturated with respect to a certain
mineral, it becomes thermodynamically favourable for that mineral to become a deposit.

Thermal water utilisation on the Romanian side
of the pilot area is found in Lovrin, Nadlac, Jimbolia and Sannicolau Mare. In these settlements geothermal energy is mostly used for
domestic hot water supply and balneology. In
Serbia balneology has a major role, with thermal
baths operating in Kanjiža and Palič.

opeRaTIonal ISSueS
To understand the most common operational
problems in the pilot area, it is worth starting
with the most investigated part of the region,
where thermal water utilisation has decades of
experience. This area is Szeged (HU) and its vicinity, where several geothermal wells and cascade systems have operated for many years.
The knowledge accumulated here can provide
significant help in understanding and mitigating certain issues which might occur in the
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Figure 7.1.4. Scaling inside a butterfly valve

However, it is possible for a solution to become
supersaturated and this often occurs in geothermal reservoirs. The falling pressure in the
pipeline also forces the dissolved gas phase to
expel the thermal water (at bubble point); this
contributes to precipitation of the carbonate.

should be paid to the uniformity of the pressure so that the operation does not destroy the

This is how carbonate mineralisation starts.
Since calcite is the mineral most resistant to
solubility, it is the most typical scaling mineral
in the systems of the Szeged pilot area.
The most universal and effective method of
controlling carbonate scaling is the injection of
chemical additives (inhibitors) into the system.
The central question facing inhibitor treatment
concerns the correct quality and quantity of
the inhibitor dosage that is needed for the
right scaling control. Inhibitor treatment has a
significant economic implication too, as
system-specific additives are expensive.
Inhibitors are used in virtually all open-vented
cascaded systems in the southern part of the
Szeged area. The technical difficulties of tackling scaling — even with inhibitors — is so high
that out of the 2 operating geothermal district
heating systems in Szeged, one has already
been converted into a pressurised (closed)
system. The other system uses a polycarboxylate acid-based compound as an inhibitor.
Reinjection problems
In the pilot area the Upper Pannonian porous
basin-fill reservoirs are widespread and extend
to northern Serbia and western Romania, too.
These are excellent geothermal aquifers and
can produce large quantities of thermal water.
Concomitantly with the economic development of this region, the thermal water demand
has increased significantly. However, the number of reinjection wells has remained very low
(SZANyI et al. 2015). This is due to high investment costs, risks in the efficient operation of
reinjection wells, and complex and often changing legislation associated with well-licencing
(including regulations affecting waste thermal
water management). In total, at present 10 reinjection wells and one production–reinjection
well operate in the study area, all of them in
Hungary. In most systems, in order to tap these
porous reservoirs two reinjection wells are
drilled along with a production well. This is to
maintain the balance between extraction and
reinjection. The 2:1 ratio is necessary because
reinjection requires a large surplus of energy
and time. During reinjection special attention

Figure 7.1.5. Well condition survey

porosity of the rock. In practice, the reinjection
pressure should not be too high, but it must be
sufficient to offset the layer pressure and the
deep extrusion of the fluid (Figure 7.1.5).
Unfortunately, there is another issue (in addition
to the potential destruction of the porosity of the
deep aquifer layers) that makes reinjection difficult: namely, pockets of dead bacteria. Thermal
water in the Szeged region contains several different kinds of bacteria and microorganisms. As
the thermal water circulating in the pipeline
system loses its temperature, it makes a more
and more suitable living environment for bacteria. After the demise of the bacteria, the pockets in which they lived (mainly in the form of
silicate frames) get attached to the fine filter
fabric in the reinjection well, thus capping it.
well interaction
Well interaction is not an operational problem
per se, but rather an indirect one originating
from a flawed well design. There have been
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many cases where too many wells have been
drilled on an area targeting the same reservoir
— be they oil or thermal water wells — or placed
too close to each other. Inadequate well placement and exaggerated increase of fluid extraction lead to a decrease of the layer pressure,
thus reducing the extractable amount, and/or
increasing extraction costs. In the case of Szeged, there are 8 production wells relatively
close to each other, with another 9 planned:
therefore it was essential to make a dynamic
reservoir well-interaction test to avoid future
operation issues stemming from undesirable
well interaction.

exISTIng managemenT pRacTIce aSSeSSed
by THe bencHmaRk meTHod

Benchmark evaluation of the HU–RO–SRB pilot
area was based on over 150 wells, all producing
from the Upper Pannonian porous basin-fill
reservoir. Since the number of wells on the Hungarian side of the pilot area was remarkably
above 100, it was practically impossible to evaluate each site individually. Therefore an expert
opinion was applied to each indicator. To avoid
potential bias, the original one-person expert
opinion was cross-checked, and where necessary
modified in line with multi-lateral consultations.
In Serbia there are 3 active and 2 inactive wells,
while in Romania the respective figures are 3
active and 19 inactive wells; these formed the
basis of the evaluation (Figure 7.1.6). The bench-

mark methodology itself, it’s content, and the
calculation of the different indicators is discussed in chapter 6
As Figure 7.1.6 shows, licencing procedures (indicator 3.1.) are well-established in all three
countries. Although the licensing procedure is
theoretically well-organised on a national level
(i.e. enshrined in various laws, acts, etc.), in
practice the process can be erratic and timeconsuming. Frequent changes in legislation
and the frequent reorganisation of managing
authorities also hampe this procedure.
Requirements for monitoring (indicator 3.2.)
should be improved in Serbia. Wells specially set
up and operated to monitor groundwater
quantity and quality as well as potential changes in aquifers (indicator 3.4.) can be considered
as good practice in Hungary and should be followed by other countries. However, in the pilot
area itself there is only one monitoring well. Extraction wells are also monitored (indicator 3.3.)
quite regularly both in Hungary and in Romania.
Users have to prepare an annual report about
their monitoring data. In most cases in Hungary
these data are not cross-checked or recorded digitally, whilst the Romanian authorities do not
just receive these data, but they also have to approve them. In general, monitoring systems
should be applied more stringently in those
zones where signs of over-extraction can be detected or predicted. While groundwater assess-

Figure 7.1.6. Comparison of benchmark indicators

86

ment complies with the EU Water Framework
Directive even in non-EU Serbia, there are clear
differences in the various monitoring setups
which are used in the three countries. Based on
these three monitoring indicators, the monitoring practice can be considered good in Hungary
and reasonable in Romania, with a need to improve in Serbia. Groundwater monitoring is not
cheap, but it provides the basis for good groundwater management. It is not possible to manage groundwater resources without proper data
and such data can only be collected with a good
monitoring system.
It is in the interest of a well-owner to mitigate
any operational issues (indicator 3.5.), and in
general they do this. In most cases in Hungary
they do not use the gas extracted together
with the thermal water, as there is no penalty
incurred when it is released to the atmosphere.
Furthermore, the volumes are not usually of
any commercial interest. This is the reason why
the handling of operational issues are considered to be carried out in a medium way in
Hungary; in Romania and Serbia, as the gas
content of the waters is negligible, this indicator
value is better. However, the practice at Mórahalom in Hungary is good. Here the thermal waters
are characterised by rather high, dissolved gas
content (average 520 l/m3 with 87% CH4). In
other words, for every 2 m3 of thermal water
produced, there is an average of 1 m3 methane.
Annually this represents about 95,540 m3
(which was previously released to the atmosphere). Within the new developments, two
small-scale combined heat and power (CHP)
engines (4-stroke, in-line 4-cylinder engine)
were installed at each of the production well
sites. The purpose of the engines is to utilise
the separated gas content of the produced
fluid, which equals roughly 89,950 m3 CH4/year.
Cascade use of thermal water (indicator 3.6.) is
slowly becoming increasingly popular, especially in Hungary, where there are a very high
number of wells. Unfortunately, the different EU
funding systems do not directly support agriculture or individual uses of thermal water. This is
a major obstacle to the wider application of cascade systems in the region. Hungarian cascade
systems generally operate with a maximum of
two stages. Three stages are very rare, but there
are a few examples, and among these the case
of Mórahalom is of particular interest.
Mórahalom has 5,800 inhabitants and it is situated on the border with Serbia; it was once listed as one of the 50 most disadvantaged

communities in Hungary. However, the investments in renewable (mostly geothermal)
energy over the past two decades have helped
to launch it into the top 10 most dynamically-developing settlements in Hungary. The installation of a cascaded geothermal heating system
can be considered the most influential development and it has had the highest impact by
enabling a solid foundation for other developments. One of the town’s 3 sub-systems was originally developed solely for balneological use at
the local spa, but was later expanded to include
a geothermal heating system. The doublet configuration of one extraction and one reinjection
well (1,270 m and 900 m respectively) allows the
sustainable management of the 63 °C thermal
water produced from the Upper Pannonian porous basin-fill reservoir. The annual thermal
water production of this sub-system is around
190,000 m3. The full loop runs a total of 3,054 km
between the two wells which supply heat and
domestic hot water (DHW) for 12 municipalityowned public buildings in the downtown area.
By having the geothermal cascade system in
place, the proportion of renewable energy
within the energy mix of public institutions has
grown from 0% up to more than 80%. This offsets the annual use of 542,029 m3 of natural gas,
while providing 18,700 GJ of heat per year. As a
direct result, annual heating-related emissions
have also been reduced significantly (by 1,590 t
of CO2, 585 kg of NxOx and 1,113 kg of CO).
Via a series of individual heat exchangers at each
of the served buildings, the produced 63 °C thermal water is cooled down to 40 °C by the time it
reaches the end of the cascade system. At this
stage the 40 °C water still contains a considerable amount of energy which was not harvested
earlier; however, due to new developments, a
heat-pump heating station has been established
and this can utilise the significant residual energy
content of the already-used thermal water (cooling it from 40 to the minimum of 20 °C). Thus
over 600 kW of thermal energy is produced for
further heating prior to its reinjection. At the moment no such thermal water heat pump-coupled
system operates with such efficiency in Hungary,
nor elsewhere in Central–Eastern Europe.
Based on the principles of a 2-stage cascade
system, thermal water of 76 °C temperatue is
used in Jimbolia, in the Romanian part of the
pilot area; its primary use is in a hospital and
subsequently in a swimming pool. The system
does not have a reinjection well.
In Banja Kanjiža, Serbia, thermal water of 45 to
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72 °C outflow temperature is used for balneology, for space heating of the spa building,
and as a domestic hot water supply. Geothermal energy is also used for space-heating
a greenhouse (0.5 ha) in winter time. There is
no reinjection well and thus the used water is
released into a surface stream.
In sumary, there is a huge potential for developing cascade utilisation systems in all three countries.
Thermal efficiency (indicator 3.7.) is considered
to be 66–68% in Romania and Serbia, while in the
Hungarian part of the pilot area it is estimated
to be about 51%. This efficiency percentage for
Hungary is based on an assessment of the actual
practice. The average wellhead temperature is
80 °C and the outlet temperature is about 45 °C;
however, the legally binding temperature for the
latter is 30 °C and this would also result good to
very good thermal efficiency. At the same time
the Romanian and Serbian evaluations are theoretical ones with respect to the outlet water required by the different laws and acts; this results
in more favourable values. Nevertheless, this indicator could improve everywhere if the heating
systems were to be modernised. For example,
the temperature of the inlet waters for heating
could be lowered.
Utilisation efficiency (indicator 3.8.) is very good
in the Hungarian part of the pilot area, but it
could be improved both in Romania and Serbia. In the Hungarian case this is achieved by
the imposition of a “penalty fee” which must
be paid if less than 80% of the licenced amount
of groundwater is unused. A minimum fee of
80% of the value of the licenced amount of extracted water has to be paid even if a much
lower amount is extracted. Extraction above
the licenced amount is forbidden and the water fee per cubic metre is doubled if an amount
above 110% of that permitted is extracted.
Reinjection of thermal water (indicator 3.9.) is
poor across the entire pilot area, such that less
than 60% of the extracted water is reinjected in
the Hungarian part of the pilot area, where 10
reinjection wells operate. This indicator needs
to be improved, especially in Romania and Serbia where there are no reinjection wells at all.
Nevertheless, it has to be mentioned that reinjection is not obligatory by law in any of the
countries, but it depends on the decision of the
regional water authority. Technical parameters,
such as the volume or depth of reinjection are
not supervised.
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Although at present significant thermal water
extraction takes place in the pilot area, none of
the countries being considered here have recorded significant changes in the quantity,
quality, or temperature of thermal groundwater. Decreasing trends in piezometric levels in
the southern part of the Great Hungarian Plain
(Szeged region) can be observed, as this is the
largest concentrated production zone of
thermal water in Hungary. Nevertheless, status
assessments show good results in all three
countries (indicator 3.10.).
The status of the water balance assessment criteria (indicator 3.11.) — which represent a measure of the level of details and the reliability of
information on the water quantity status of an
aquifer at a site — is considered very good in the
Serbian part of the pilot area, and medium in the
respective Hungarian and Romanian parts. Although in general maximum-allowed extractions are determined by pumping tests, and
groundwater status assessments are carried out
within the framework of the River Basin Management Plans, critical groundwater levels or critical extraction points have not yet been defined.
Although several good examples of public awareness can be seen both in Hungary and Romania
(e.g. Mórahalom, Makó, Szeged, Jimbolia), this
indicator (3.12.) should be improved in all countries. (In fact, the larger users are quite willing
to share information with the general public.)
At spas, details about water temperature and
the chemistry of the water are especially available to the public.

geologIcal RISk-mITIgaTIon
meaSuReS To IncReaSe
geoTHeRmal HeaT pRoducTIon
The testing of the geological risk-mitigation
scheme developed in the DARLINGe project
(discussed in chapter 6) focused on studying
the potential (e.g. transboundary) effects of future new triplets (i.e. one production and 2 reinjection wells). The purpose of these triplets is
to tap the porous basin-fill reservoir associated
with three theoretical projects defined within
the pilot area. The locations of these theoretical
projects are Palič (Serbia), Szeged (Hungary)
and Sannicolau Mare (Romania). In the case of
Szeged the system consists of 2 triplets, while
in Palič and Sannicolau Mare each place envisages 1 triplet, respectively. The potential effects

Figure 7.1.7a. Receptors at the HU part of the model area

Figure 7.1.7b. Receptors at the RO part of the model area
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Figure 7.1.7c. Receptors at the SRB part of the model area

(namely, changes in the groundwater head and
temperature) of these three hypothetical projects were assessed in nearby wells in the area
— in so-called “receptors” (Figure 7.1.7a, b, c).
The assessment was done by a hydrodynamic
and heat transport model carried out by finiteelement FEFLOW software.
To delineate the target aquifer, detailed interpretation of the geology is recommended by
the DARLINGe risk-mitigation scheme. This
should make it possible to forecast potential
geological risks during the drilling of the production/reinjection wells. Based on harmonised geological data, a conceptual structural
model has already been set up for the area.
The refined structural model of the Szeged
area has been visualised in a 3D configuration
of the subsurface. This includes an improved
representation of the depth of the basement,
as well as the thickness of the porous geothermal aquifer of the Upper Pannonian
basin-fill reservoir. Although the respective
magnitudes of the geothermal parameters
are known from open-source databases and
scientific publications, the hydrogeological
modelling with heat transport was based on
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harmonised data from the three countries.
During the modelling process these values
were refined.

3d geologIcal and numeRIcal
HydRodynamIc and HeaT TRanSpoRT model
The area delineated for the study of the potential geological risks and the definition of the associated risk-mitigation measures related to
future new projects is about 9,250 km2 and includes a 15 km-wide extension of the pilot area
(Figure 7.1.1). This extension was necessary to
create a better alignment of the regional
thermal groundwater flow systems and to
eliminate the border effect near the area of interest. About 34% of this area is in Hungary, 41%
in Serbia and 25% in Romania.
Given that the planned theoretical thermal water extractions are located in the Upper Pannonian geothermal aquifer, the modelling focused on this geological unit. The main goal of
the modelling was to provide regional information — including any potential transboundary
effects — for risk-mitigation activities. This includes information on any potential effects, like

Figure 7.1.8. Modell surfaces a) Top of basin-fill reservoir — base of Quaternary sediments (m a.s.l.), b)
Bottom of basin-fill reservoir (base of Upper Pannonian) (m a.s.l.), c) Thickness of Upper Pannonian sequences (m), d) Base of Lower Pannonian sequences (m a.s.l.), e) Thickness of pre-Pannonian sediments
above the Mesozoic–Palaeozoic basement (m), f) Top of pre-Cenozoic basement (m a.s.l.)
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decreases in piezometric (water) levels or the
water budget, and changes in groundwater
flow directions. Such information is vital for
avoiding the depletion of the geothermal aquifer.
The depth of the hydrogeological model was
set at –8,000 m in order to incorporate the deep
sub-basins of the Pannonian Basin, and to eliminate the potential effects of a no-flow bottom
boundary. Although the thermal water extraction is f rom the Upper Pannonian geothermal aquifer itself, and the base of the regional thermal groundwater flow is at the base
of the Upper Pannonian sedimentary sequence, other geological units could also play
an important role in the regional groundwater
flow systems and heat transport. Therefore the
following geological layers and surfaces were
examined and incorporated into the hydrogeological model (Figure 7.1.8).
– The top of the fine grained alluvial sediments, which represent the top surface of the
“basin-fill reservoir” unit).
– The base of shallow lacustrine sandy deposits: multi-layered, poorly-lithified sandstone;
this is mainly an aquifer, representing the

bottom surface of the “basin-fill reservoir”
unit).
– The thickness of Upper Pannonian sequences.
– The base of Lower Pannonian sediments
(Lower Pannonian shelf-slope and basinal
marl, clay, clay marl, sandstone; mainly
aquitard).
– The thickness of pre-Pannonian sediments
above the Mesozoic–Palaeozoic basement
(including older Miocene sequences if present).
– The top and geology of the pre-Cenozoic
basement.
These new maps show that the thickness of the
Upper Pannonian basin-fill reservoir varies approximately between 500 and 2,000 m and is the
thickest along a NW–SE axis. It is at its thinnest
(less than 1000 m) in the northern parts of Serbia, which has relevant consequences in terms
of a lower potential for geothermal utilisation.
The top of the hydrogeological model is the
ground level, with a function of drainage, similar to the previously-developed regional hydrogeological model of the Pannonian Basin (TóTH

Table 7.1.1. Data structure of hydrodynamic and heat transport modelling (FEFLOW® software)
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et al. 2016) which provided the initial values for
the boundary conditions.

4. With current production, and an aftermath
of shutting down the hypothetical triplets.

Creating an adequate hydrodynamic and heat
transport model requires the parameters of the
respective lithostratigraphic units and the fluidflow systems, as well as information on the amount
and temperature of the produced water. For this
the following parameters were collected, and
where necessary calibrated (Table 7.1.1).

These four scenarios are the consecutive steps
of modelling long-term production history.
Consequently, the modelled water level (piezometric level) and temperature distributions at
the end of each step became the input values
of the next step. During the process of running
the model, the necessary calibration for both
pressure and temperature values were done. In
the modelling series, the previously expected
accuracy of a regional model was achieved,
and all the relevant processes were taken into
consideration. Naturally, in a model there are
certain processes which need to be simplified
or neglected — e.g. during the 25 years of well
operation the summer/winter seasonal changes
were not taken into consideration and continuous production was assumed.

The hydrogeological data were taken from
earlier works and from the literature (TóTH et al.
2016). Homogeneous parameters were defined
for each layer — for example, for hydraulic conductivity. It is well-known that sedimentary sequences are characterised by a high anisotropy
with regard to hydraulic conductivity; in this
case it is in an order of magnitude of 2–3 (i.e.
differences between horizontal and vertical
conductivity). Figure 7.1.9 shows a horizontal
hydraulic conductivity distribution in m/day on
a typical W–E cross-section.
The following thermal water production scenarios were investigated during the modelling:
1. Without any production (natural condition/state).
2. With current production.
3. With current production + hypothetical
triplets.

These different thermal water utilisation scenarios can provide valuable information for various risk-mitigation procedures and for the
prediction of future adverse processes, such as:
overproduction, thermal breakthrough, or the
cooling effects of competing usages.

ouTpuTS and ReSulTS of THe model
The model was prepared as a rough (semisynthetic) approximation of the hydrogeolo-

Figure 7.1.9. Characteristic cross-section with distribution of horizontal conductivity values
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Figure 7.1.10. Temperature distribution (°C) of the Upper Pannonian
geothermal aquifer

Figure 7.1.11. Cooling effect of the reinjection wells in Szeged
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gical environment, so the outputs can be considered as indicative results to be interpreted
on a regional scale (Figure 7.1.10). In order to
detect the exact interaction of certain wells,
thermal breakthrough, or a harmful cooling effect at a local level more detailed model inputs
are required. However, the aim of this modelling
was to test the method itself, given that the latter
focuses on the thermal effects of the new triplets
and the importance of reinjection. As 100% reinjection was assumed for each fictive reinjection
well in the model, there was no detectable drop
in hydraulic heads. The thermal effect (cooling)
was characteristic only in the neighbouring location of the reinjection wells, and in the nearest
receptors a difference of a few tenths of a degrees Celsius was detected (Figure 7.1.11).
During the modelling, the effects of hypothetical triplets were investigated by evaluating the
calculated temperature and water levels at the
receptors (Figure 7.1.12, locations see in Figure
7.1.7a, b, c). In most cases, the receptors are
existing wells, but in some places it was also
necessary to insert virtual receptors.
The result of the hydrogeological modelling
showed that the new triplets will induce pressure and temperature changes at the majority
of the nearby operating wells (“receptors”).
However, the size of the expected impact is
within a reasonable and acceptable range,
based on industrial practices.
The calculated pressure change does not exceed
a couple of metres (due to reinjections) and the
calculated temperature change does not exceed
1–2 °C at any existing receptor. This is an encouraging indication for the realisation of these projects. However, it has to be emphasised again
that the predictions a model can provide before
drilling (e.g. the current model) are hardly
identical with the response of nature after the
long-term operation of existing wells.

Figure 7.1.12. Indicative results of modelling at
the location of receptors
As the modelled triplets were “virtual”, no real
data on their geology or hydrogeology was
available. Therefore the model could predict only
the nature of changes, but it could not quantify
them precisely. (Receptor names starting with
Virt mean virtual/theoretical wells, while the
other names refer to operating wells)

fuTuRe geoTHeRmal
developmenT of THe pIloT aRea
One of the characteristics of the pilot area is the
existence of large, regional thermal water-flow
systems accommodated in a multi-layered, interconnected sediment sequence, with the
Upper Pannonian basin-fill reservoir extending
beyond the country borders. Therefore any issues related to thermal water extraction, operation, and future development plans need to

be handled jointly by the 3 countries. Any unfavourable effects on production may impact
distant parts of the reservoir, perhaps situated
in the neighbouring country.
The HU–RO–SRB pilot area is well-explored in
all three countries. There is remarkable thermal
water extraction from the Upper Pannonian
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basin-fill reservoir, mainly for balneological purposes but its use in greenhouses, alongside a
few cascaded heating systems, is also very
common in the Hungarian part. Although the
geological, hydrogeological, and geothermal
conditions are quite similar across the overall
area and represent a huge untapped potential,
the significant difference in the number of wells
and current utilization sites (with its highest proportion in Hungary) highlights the development potential, especially in Serbia and Romania.
The technology of thermal water exploitation
in this pilot area is not sustainable at present,
as single production well systems represent
the prevalent method. Partial reinjection exists
only in Hungary at Szeged, Hódmezővásárhely,
Mórahalom and Makó. In these places geothermal doublets/triplets are used for district
heating and cascaded systems. All other users
emit waste thermal water (with temperatures
well above 30 °C) to surface waters or, albeit
more rarely, to sewage systems. This should
draw the special attention of the relatively high
number of agriculture users (mostly in Hungary), given that theoretically the thermal
water used for the heating of greenhouses
could be reinjected. Lack of reinjection results
in the chemical and thermal pollution of surface waters, and also seriously threatens the
quantity status of the geothermal aquifers. The
latter — due to the lack of sufficient recharge
— eventually become overexploited.

ducing more cascaded systems. In the latter,
the temperature range of the thermal water is
adequately utilised by users through the lowering heat demands.
The high gas content of the thermal waters (especially characteristic for some regions of the
Hungarian part of the pilot area) should be utilised by employing auxiliary equipment. In addition to decreasing the emission of harmful
gases into the atmosphere, this could contribute
to the more energy efficient operation of these
sites — e.g. the electricity produced could be
used to run the production/reinjection pumps.
The high number of wells (especially in Hungary) means that continuous monitoring is required. It is necessary to adequately observe
and follow the changes and possible impacts
of extensive thermal water extraction on the
temperature and pressure regime of the reservoir, as well as the potential co-impacts of the
wells on each other.
The applied modelling process and its logistics
(with the proposed methodology based on harmonised geoscientific data) could help to solve
present and/or future conflicts, also of a transboundary nature. It could serve as a basis for
defining important indicators such as the critical level of extraction (i.e. the critical water level
below which that level must not decrease during production), or the critical amount of extraction (i.e. the maximum amount of water
which can be produced without having irreversible impacts on the reservoir).

To enhance the geothermal development of
the most prosperous transboundary basin-fill
reservoir, it is necessary to immediately encourage the practice of reinjection in the region.
Although the technical difficulties associated
with reinjection into a porous media are wellknown from existing practice, there are some
good examples of success. These examples
have confirmed that it is technically feasible to
operate reinjection wells if they are properly
designed and regularly maintained. However,
for this to happen massive financial support is
necessary, especially to enable the agricultural
sector to establish such new wells.

The continuous update of hydrogeological
modelling, and its integration with the data of
new drillings and of subsequent interference
and tracer tests, is also necessary. This will
bring about the gradual improvement of the
reliability of the model.

Increasing thermal efficiency is also essential because it could significantly increase the amount
of produced geothermal heat by retaining current production rates. This can be achieved by
installing additional heat exchangers and heat
pumps to extract heat from waste water which
still has a high temperature, and also by intro-

At the same time, during its recent application
the modelling also revealed significant data
shortages. This was partly due to the non-existence of data, but in many cases it was simply
due to the non-accessibility of existing data, resulting from improper data management (i.e.
keeping data unnecessarily confidential).
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Furthermore, this type of modelling approach
could establish the scientific basis for a system
of integrated subsurface management including other types of uses — e.g. hydrocarbons
and carbon-dioxide storage, etc. — such as the
joint assessment of their impacts.

The regular comparison of results of the updated model with monitoring data — namely,
the observed temperature and pressure
change at surrounding wells — will improve
the early recognition of negative processes.
Thus measures could be taken in due time to
avoid the nearly irreversible unfavourable impacts within the reservoir.
Sustainable and prudent water management
(SZőCS et al. 2018) is not only fundamental for
thermal water and geothermal energy usage,
but also forms the basis for accessing healthy
drinking water. This must be the approach for all
three countries, in line with their own national
regulations, where they need to consult regularly and be engaged in cross-border tasks. This
includes sharing knowledge on resources and
their management among relevant authorities,
users, and also between countries.
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InTroduCTIon
The Slovenian–Hungarian–Croatian pilot area is
a well explored region, where the main geothermal aquifer is the Upper Pannonian porous
basin fill reservoir extending through national
borders. This reservoir is already extensively used
mainly for balneology/spa purposes and, to a
lesser extent, individual space and district heating. Nevertheless, the area still has a significant
untapped geothermal potential, and this could
be exploited by fostering reinjection and a more
efficient use of the current resources. This study
largely focuses on the issues concerning (a) how
to avoid further depletion of the basin fill geothermal aquifer and (b) how to construct new
reinjection well(s).

SETTInGS
GEoGrapHIC ovErvIEw
The Slovenian–Hungarian–Croatian pilot area is
situated on the western rim of the Pannonian

Basin, in the Mura–Zala Basin. The areal extent
of the pilot area is 8,817.35 km2 (Figure 7.2.1). In
general, it is divided into the alluvial plains of
the central Drava and Mura rivers and is surrounded by hilly terraine. The altitudes of the
alluvial plains range between 150 and 200 m
a.s.l., and decrease towards the south-east. In
the western and southern parts the higher
mountains of Boč (978 m), Donačka gora (884
m) and Haloze (500 m) can be found in Slovenia, and Ivanščica (1061 m), Strahinjčica (846 m),
Ravna gora (680 m), Kalnička gora (643 m) and
Cesargradska gora (509 m) in Croatia. The
Slovenske gorice hills (with a maximum height
of 350 m) separate the river plains. In the north
and north-east, the Mura river plain is bounded
by the Goričko hills (maximum height: approximately 400 m) in Slovenia; the latter decrease in
height as they spread to become the Zala hills in
Hungary (200–300 m).
The climate of the region is a continental-humid
type and is characterised by moderately warm
summers, plenty of rain and cold winters. The
plains have a mean annual air temperature
between 10 °C and 12 °C, while at elevations of

Figure 7.2.1. Extent of the SI-HU-HR pilot area
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more than 400 m it is below 10 °C. The mean annual precipitation decreases from above 1150
mm/ year in the south-western Slovenian part of
the pilot area to minimum values below 650
mm/year in the north-eastern Hungarian section.
Administratively, the pilot area compromises
three counties in the Croatian part: Krapina–
Zagorje, Varaždin and Međimurje; three in the
Slovenian part: namely, the Mura region and
parts of Drava and Savinja statistical regions;
and two in Hungary: Zala county and a small
part of Vas county. The average population
density in the Krapina–Zagorje county is 108.1
inhabitants/km², in Varaždin this figure is 139.4
and in Međimurje County it is 156.1 (Statistical
office RH, 2018). The population density in the
Drava statistical region is 148.4 inhabitants/
km², and in the Mura region the equivalent
number is 85.9 (Statistical office RS, 2019).
The population density in the Zala county of
Hungary is 72 inhabitants/km².

GEoloGICal, HydroGEoloGICal and
GEoTHErmal CondITIonS

The Mura–Zala Basin is one of the smaller sedimentary basins within the Pannonian Basin

and it spans parts of Austria, Croatia, Hungary
and Slovenia. The Mura–Zala Basin is rich in
geoenergy resources: hydrocarbons and thermomineral waters (NáDoR et al. 2012). This basin
consists of the following successions from bottom to the surface: the pre-Neogene metamorphic and carbonate basement rocks of the
Inner Carpathian belt are covered by several
Neogene marine and brackish siliciclastic formations, and these are overlain by Quaternary
alluvial deposits (JeleN and RIFelJ 2005, 2011;
FoDoR et al. 2011, MARoS et al. 2012, HoRVáTH et al.
2015, ŠRAM et al. 2015).
The basin is characterised by two eNe–WSW
trending sub-basins: (a) the Haloze–ljutomer–
Budafa sub-basin which evolved along the ljutomer and Donat Fault zones in the south and
(b) the Radgona–Vas sub-basin which is present alongside the Rába Fault zone in the north.
Three extensional blocks follow from west to
east: (i) the Pohorje Mountains outcrop, (ii) the
Murska Sobota block, which deepens from
about 600 m and (iii) the area east of the Baján
Fault; this runs along the Slovenian–Hungarian
state border and the basement rocks present
here may occur as much as 4 km deep in the
eastern Mura–Őrség sub-basin (Figure 7.2.2).

Figure 7.2.2. Tectonic sketch and depth of the top of the basement rocksof the SI-HU-HR pilot area
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From a geothermal perspective, the most important units in the thick Neogene sedimentary
succession comprise Middle to Upper Miocene
shallow-water, coarse-grained sandstones and
limestones. These directly overlie the basement
rocks, are generally highly permeable, and store
hydrocarbons and thermomineral waters. In the
late Miocene (Pannonian), the area turned into
a wide deltaic lake system. The numerous —
but rather thin — turbiditic sandstone lenses
are overlain by clay and silt which have a very
low permeability. This makes the sandstone
lenses isolated permeable bodies, capable of
storing vast amounts of hydrocarbons and
some thermomineral waters. However, the
most promising geothermal reservoirs of a regional and transboundary character occur in a
few hundred metres-thick Upper Pannonian
sequence composed of loose sandstone. This
sequence can store water of a meteoric origin
(it was probably recharged in the Pleistocene).
later, these layers were covered by a thick
package of silt with coal interbedding. Alluvial
deposition started in the Pliocene–Pleistocene,
but this — comprising well-permeable gravel
and sand — for the most part does not contain
extensive geothermal or freshwater aquifers.
In contrast to this, the youngest Quaternary
clastic sediments in the river plains contain very
important drinking water resources.
Several types of thermal water can be identified in the pilot area: (a) thermal water of the
Ca–Mg–HCo3 water-type, with moderate mineralisation and which often springs out naturally from carbonate basement reservoirs; (b)
in the basin fill sediments, there is the thermal
water which evolved into the Na–HCo3 watertype, has higher mineralisation, and contains
only a little free gas; (c) thermomineral water
from the clastic or metamorphic basement
reservoirs which is a Na–Cl–HCo3 to Na–Cl
water-type — this often has elevated concentrations of organic substances and hydrocarbons, but a very high free Co2 and CH4 gas
content is also very common.

CurrEnT uTIlISaTIon praCTICE
ExploITaTIon of THErmal waTEr
In Croatia, thermal water is produced at eight
locations from four thermal springs and six
wells (Figure 7.2.3). They all outflow from carbonate basement rocks (where five wells were
also drilled). Moreover, one well taps the lower
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Miocene lithotamnium sandstone directly
overlying the older basement rocks. During the
oil and gas explorations of the last century,
thermal water with reasonable temperatures
was identified in the lower Pannonian turbiditic sandstones; however, these were not exploited. Unlike in Slovenia and Hungary, the
Upper Pannonian porous basinfill reservoir is
shallow here and stores mostly fresh water.
The outflowing temperatures of the thermal
waters are between 30 and 50 °C at seven sites,
and between 50 and 75 °C at three. Three
springs and one well are artesian. The average
depth of the respective wells is only 200 m, but
the deepest producing well reaches a depth of
914 m.
In the Hungarian part of the pilot area there are
25 geothermal wells (Figure 7.2.3). Among these
16 actively produce thermal water, eight are inactive and one is used for reinjection. Here, thermal water is used for balneology/spa purposes
(15 sites), while only one well is used for individual space heating. The prevailing aquifer is the
Upper Pannonian basin fill reservoir (tapped by
18 wells), while other wells produce from the predominantly karstic carbonate basement rocks.
The wellhead temperature is between 30 and 50
°C at 16 sites, between 50 and 70 °C at five, between 75 and 100 °C at four, while one reaches
99 °C. The required minimum depth needed for
drilling in order to capture thermal water is 247
m, while the maximum exceeds 2,700 m. The average depth of the bottom of the production
section is 1,362 m.
In Slovenia, thermal water is captured by 30
wells (Figure 7.2.3). The basement reservoirs
are tapped by two wells in metamorphic
rocks, three in carbonates, and four in Middle
Miocene sandstones. As many as 21 wells produce from the Upper Pannonian basin fill
reservoir. Altogether, 21 wells are currently
productive, one is used for reinjection and
eight wells are inactive. Most (18) wells are
used for balneology/spa functions as well as
individual space heating. Two wells are used
for greenhouse heating, and one production
borehole supplies a district heating system.
The wellhead temperatures range between 30
and 50 °C at 11 wells, between 50 and 75 °C at
18 wells, and only one well reaches just above
75 °C. The minimum depth needed for drilling
in order to capture thermal water is 168 m,
while the maximum exceeds 1850 m. The average depth of the bottom of the production
section is 1126 m.

Figure 7.2.3. Active thermal water utilisation sites in the SI–HU–HR pilot area

OPERATIONAL ISSUES
The basin fill porous reservoir is very heterogeneous with silt intercalations within the thick
sand deposits. If a geothermal well is not constructed properly, or if the production rate is too
high, movement of silty and clayey particles
causes plugging of the screens of the well and
the pore throats of the reservoir. This leads to a
decrease in permeability. Clay swelling is also
possible but rarely occurs in this area.
The largest part of the thermal water production is still based on a single-well configuration.
Since the porous basin fill reservoir has a very
limited natural recharge, it is sensitive to insufficient artificial replenishment. Deterioration
with respect to the quantity of water has already
been observed (NÁDOR et al. 2012, RMAN et al.
2016, TÓTH et al. 2016). Consequently, several
reinjection wells have been drilled in the region, but only a few of these are in operation.
In Slovenia, the first such well was drilled in
Moravske Toplice in 1993; however, it was
changed to a production well in 2000 due to in-

creased water demand. The second one was
drilled in Lendava in 2007; it is still used but it
also serves as a supplier for a district heating
system in the town. Regular maintenance of
this reinjection well consists of three-stage
mechanical filtering, and two microfibre filters.
Cleaning of the well is performed once or twice
per year by backwashing. The third reinjection
well was drilled in Murska Sobota in 2013, but it
has not yet been properly tested. In the Hungarian part, all except one of the wells are used
as spas, and therefore reinjection of those is
not possible. The Hungarian reinjection well is
located in Zalaegerszeg and is reinjecting into
Cretaceous reservoirs, reaching a total length
of 2,162 m.
As reinjection is limited, the main environmental issue regarding thermal water utilisation is
coming from waste thermal water, these being
released directly into streams/rivers. Waste
thermal water still has a rather high temperature — up to 30 °C is allowed by regulation —
and usually a complex chemical composition
(different from that of surface waters). Both of
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these facts result in thermal and chemical pollution of the surface water.

ExISTInG manaGEmEnT praCTICE, aSSESSEd

Thermomineral waters from basement reservoirs exhibit two issues if enriched in free
gases. Degassing of Co2 induces carbonate
scaling which has to be mitigated by injecting
inhibitors into the wells, while the occurrence
of methane requires precautionary measures
due to the risk of explosions. Thermal waters
from carbonate basement reservoirs and from
the porous basin fill do not present any chemical operational issues due to the low content
of dissolved solids.

In Croatia, 4 thermal springs and 5 geothermal
wells were evaluated, all producing thermal
water from carbonate basement rocks. In Hungary, 16 active wells were evaluated, 13 tapping
porous basin fill reservoirs and 3 basement
rocks. In Slovenia, 28 wells were investigated in
total, 16 being productive and 3 inactive tapping basin fill reservoirs, and 5 productive and
4 inactive wells from various basement rocks
(Figure 7.2.4). The benchmark methodology itself, as well as the content and calculation of
the different indicators is discussed in chapter
6.

It is apparent that several operational issues
may be solved by applying one measure —
namely, the creation of new reinjection wells.
“Doublets” represent production and reinjection wells in which only the geothermal heat is
abstracted in a closed-loop system. These wells
would provide increased artificial recharge to
the reservoir and improve it with regard to the
quantity of its water. At the same time, such action would prevent chemical and thermal pollution of surface waters. The most important
point is that the application of such geothermal doublets and triplets (i.e. one production and two reinjection wells) would foster a
fast and significant increase in geothermal energy use in the region with regard to both the
number of user sites and the total energy production.

by THE bEnCHmark mETHod

Comparison shows that in this transboundary
area the management of geothermal aquifers
is well-established. licencing procedures (indicator 3.1) are reasonably well-defined, and in
most cases monitoring requirements (indicators 3.2, 3.3 and 3.4) are strict, especially in
Slovenia. The policies followed in Slovenia have
resulted in reliable datasets for evaluating the
state of the country’s aquifers, where several
wells are also used as national research observation wells; this is not the case in Croatia and
Hungary. Slovenia is also able to carry out better reconnaissance of the local depletion of geothermal aquifers, and thus is in a better position
to implement some measures needed to prevent over-exploitation.

Figure 7.2.4. Comparison of benchmark indicators
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Reinjection is applied extremely rarely and
there are only two such wells in the area, also
shown by the poor values of indicator 3.9.
Water balance (indicator 3.11) is mostly assessed by the available volume of water, while
local numerical models or detailed research are
rare. Nevertheless, overall the water balance is
good in the pilot area (i.e. no significant decrease of piezometric level, water quality, water
temperature); the best value is in Croatia.
As most sources produce close to the granted
quantities, the utilisation efficiency (indicator
3.8) is high, showing that new sites/wells are
needed if increased extraction of thermal
water is planned for the future. operational issues (indicator 3.5) are relatively well managed
in all 3 countries and are mostly of two types:
(1) reduction of a well’s capacity, either due to
the collapse of the open hole in the carbonate
rocks, or because of the clogging of porous
sediments with silt, while (2) sudden injections
of Co2 cause scaling in the pipelines, which occurs mostly in wells producing from basement
reservoirs. Cascade use (indicator 3.6) is widely
applied in Slovenia — albeit to a lesser extent
in the other two countries — but all show that
thermal efficiency (indicator 3.7) can and
should be significantly improved, given that at
present it hardly reaches 70%.
Users are mostly insufficiently informed about
the characteristics of their geothermal resources, this being due to the lack of public information (indicator 3.12) on properties of the
thermal water, the reservoir parameters and
utilisation practice. However, by dissemination
of details concerning good practice and the exchange of knowledge among users themselves, as well as the authorities and investors
involved, this indicator can be improved significantly in the future, especially in Hungary and
Slovenia.

GEoloGICal rISk-mITIGaTIon
mEaSurES To InCrEaSE
GEoTHErmal HEaT produCTIon
A geological risk-mitigation scheme was developed during the DARlINGe project (this is discussed in chapter 6) and tested on investigative
projects located in the pilot area, which focused
on the study of the potential depletion of the
transboundary Upper Pannonian porous basin
fill reservoir and the avoidance of this by locating
new reinjection wells in Slovenia.

InvESTIGaTInG rESErvoIr dEplETIon and
poSITIonInG nEw rEInjECTIon wEllS In
porouS baSIn fIll rESErvoIrS

There are several risk-mitigating measures
which should be considered in the geological
evaluation phase when constructing a new
reinjection well. Accurate hydrogeological modelling is highly recommended to adequately locate new reinjection wells and to decrease the
likelihood of early cooling of production wells.
In the following such a modelling approach is
presented.
3d geological and numerical
flow model
As the geological structure of the transboundary Upper Pannonian basin fill reservoir is wellknown (MARoS et al. 2012, RoTáR-SZAlKAI et al.
2017), a 3D geological and numerical flow
model of the SI–HU–HR pilot area could be
elaborated, using FeFloW software. The main
goal of the modelling work was to provide regional information for risk-mitigation activities
in order to avoid the depletion of the geothermal
aquifer and to target the location of future reinjection wells. Several scenarios were tested, all
evaluating a foreseen change in the transboundary thermal water flow direction and
rates, as well as in the stored thermal energy of
the basin fill reservoir:
– Thermal water production in HU and SI remains as current, while none exists in HR
(“business as usual” — BAU scenario).
– Thermal water production is extended to
be in line with rates granted by water and
mining permits (note that reinjection is very
limited).
– Application of new reinjection wells at current heat exploitation sites to ensure the
good status of the geothermal aquifer.
– Application of new geothermal doublets
at new sites to increase heat production.
As part of these foreseen scenarios so-called
“receptors” were introduced (Figure 7.2.5). They
are defined as predicted new production and
reinjection wells at lenti in Hungary, and two
existing observation wells at Mursko Središče
in Croatia, and one observation well (Mot–1) at
Motvarjevci in Slovenia (Figure 7.2.5). These receptors, situated close to the state borders, are
used in the modelling work mentioned here to
monitor changes in the pressure and temper105

Figure 7.2.5. Extension of the model (dash line) is within the SI–HU–HR pilot area with two cross-sections shown on Figures 7.2.7 and 7.2.8, locations of existing production wells (orange dots), and
monitoring objects (”receptors”) near the state borders (green dots)

ature of respective aquifers in different scenarios.
The model extends over 3910 km2 and corresponds to an area of 97.9 km × 72.5 km, covering the porous basin fill reservoir (Figure 7.2.6).
Its depth is determined by the base of the regional flow system at –2,500 m a.s.l. while its
peak is the actual topography, with the highest elevation of 360 m in the Goričko Hills in
Slovenia. The thickness of this reservoir is the
largest in the central part of the basin, being
approximately 2,700 m between Murska Sobota and lendava in Slovenia. In the rest of the
model the average thickness of the porous
basin fill reservoir is around 1,000 m (Figures
7.2.6, 7.2.7, 7.2.8).
Regionally, the basin fill reservoir is limited to
the north by the very low permeable Palaeozoic metamorphic rocks of the South Burgenland Swell in the Goričko Hills; this continues
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towards the north-east into Hungary. To the
west and south-west, the outcropping metamorphic and magmatic Pohorje Mountains
and the ljutomer Fault form a closed hydraulic
boundary. Towards the east and south, the
reservoir is open to Hungary and Croatia, and
therefore the hydraulic boundaries are open
(constant-pressure). Due to a lack of information in Croatia, a constant head boundary is assigned to the south–west border. The southeastern boundary in Croatia is a no-flow boundary due to a fault system.
The flow model was calibrated in FePeST to
the measured heads (between 2009 and 2016)
in three geothermal wells in Slovenia. In Hungary, there is no systematic observation of
thermal water heads and thus they have been
kept constant. Monthly pumping rates were
applied in active wells in Slovenia between
2009 and 2016 and in Hungary between 2010
and 2015.

Figure 7.2.6. 3D view of modelled geological units (Blue — Pliocene to Quaternary sediments storing
cold water, Red — porous basin fill reservoir, Orange dots — existing production wells, Green dots —
receptors)

Figure 7.2.7. Cross-section 1 in NW–SE direction. Blue — Pliocene to Quaternary sediments storing
cold water, Red — porous basin fill reservoir. Note the increased thickness of the porous basin fill
reservoir in the central part of the study area, close to the tri-border. This geothermal aquifer holds
only lukewarm water in its shallower parts

Figure 7.2.8. Cross-section 2, in SW–NE direction. For legend see Figure 7.2.7
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flow direction of thermal
water
A modelled version of the thermal groundwater flow confirmed the results of previous simulations (NáDoR et al. 2012, TóTH et al. 2016). It
showed the regional flow direction from west
to east in general, f rom a head of 220 m in
Slovenia to 140 m a.s.l. in Hungary, respectively (Figure 7.2.9). However, the model solved
an open question on the flow characteristics
in the southern part of the area (in Croatia);
up until now this feature had never been
studied. Simulations showed that the thermal
groundwater flow is partially directed along
the geological structure of the basin fill (from
a higher to lower elevation). The model also
revealed that there is no relevant transboundary flow between Slovenia and Croatia —
rather, it is the case that the thermal (or better, lukewarm) water flows f rom Croatia to
Hungary.

results of future exploitation scenarios
Thermal water production in SI and HU remains
as current, none exists in HR (“BAU scenario”)
evaluating the effects of this scenario in the “receptors” showed that the drawdown will continue and should reach quasi-stabilisation after
about 20 years (Figure 7.2.10). However, the
drawdown will be fastest in the next decade, for
about 18 m in the central part of the basin in
Slovenia, and about 10 m near the HU–SI border;
furthermore, it will continue and result in an additional 5 m decrease in the following decades.
Receptors in Hungary indicate a constant drop
of the groundwater level to a sum of 8 m in the
next 30 years, while receptors in Croatia show a
constant head decrease of about 3 m in the
same period (Figure 7.2.10). As the cumulative
historical regional drawdown due to thermal
water production has been evaluated as being
above 16 m in 2016, this scenario implies an irreversible depletion of the reservoir.

Figure 7.2.9. Simulated heads and cross-border flow directions of thermal water in the basin fill reservoir (this represents what was current production for the year 2016: the final year of model calibration). Note that constant heads at production wells in Hungary indicate a boundary condition
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Figure 7.2.10. Change of groundwater heads in receptors (green lines) and observation wells (yellow
lines) in Croatia, Hungary and Slovenia over a simulated 38 years of production. Years 1-8 signify
2009-2016. Production since year 8 (2016) has been set as a constant. Thermal water production with
respect to the extended rates granted in water and mining permits

Thermal water production is extended to be in
line with rates granted by water and mining
permits
The total granted annual production with respect to water and mining rights is 4,332,376
m3/year, which is 9.3% more than the actual
production rate in 2016. Results of this scenario
in all three countries show a very similar situ-

ation to that of the first case — namely, a constant decrease in the groundwater heads of
the transboundary aquifer and its depletion
(Figure 7.2.11). Drawdowns — when applying
the granted rates — are a bit steeper than in
the first case; however, no significant difference can be observed and thus this is not a
sustainable practice either.

Figure 7.2.11. Change of groundwater heads in receptors (green lines) and observation wells (orange
lines) in Croatia, Hungary and Slovenia over a simulated 38 years of production. Years 1–8 refer to
2009–2016. Production since year 8 (2016) has been set as a constant and is in accordance with water
and mining permits
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Application of a reinjection well at a current
production site
Water which is used only for heat production
and is not chemically polluted may be injected
back into the same aquifer — that is, into layers
which are hydraulically connected with the production zone. The benefits of reinjection are not
only a reduction in the environmental impact on
the thermal and chemical status of surface waters (which are otherwise affected if the used
thermal water is released to the surface by single-well production systems) but, particularly
significant, a more than 10-times increased heat
recovery from the geothermal resource.
In order to locate a future geothermal well (production, and/or reinjection), not only is the geology important, but a set of different restricting factors have to be assessed. In the example
below, a so- called “spatial analysis” from Slovenia is presented. In Hungary a very similar
methodology for identifying and assessing limiting factors for future geothermal wells also
exists; this is applied within the framework of
the so called “complex vulnerability and impact
assessments”, to be performed prior to geothermal concessions.
When locating such a new object, the investor
should perform this analysis, initially being
based on freely available datasets in Slovenia.
of course, all licenses, decrees and other regulations restricting the construction of a new
well should be given attention. In the presented Slovenian case study, which is an example of such a methodology, the spatial
analysis included:
– Water protection zone: zone l is in the closest vicinity of the water exploitation wells,
where no construction is allowed due to the
risk of fast contamination. Construction in
zone ll is strictly controlled, very limited
and/or prohibited in most cases. Zone lll
generally allows construction, but special requirements have to be met.
– Nature conservation areas, Natura 2000
and other protected areas: limited construction is allowed, but additional permits are
usually needed.
– Public infrastructure (electricity, gas,
sewer, water etc. distribution systems): construction is not allowed within the protection zone around these installations due to
maintenance reasons.
– Flood areas: construction is not allowed in
areas with a high risk of flooding; however,
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construction is allowed in areas with an intermediate risk of floods if safety precautions are met.
– Granted water and mining concessions: a
safety belt with a radius of 700 m is applied
around geothermal wells.
– Agricultural land: no limitation — construction for groundwater research is allowed.
– A radius of 1000 m around the wells in
Moravske Toplice and Dobrovnik (see Figures
7.2.12 and 7.2.14), which is a rough estimation
of the extent of the natural drainage area.
– Depth and extent of the basin fill reservoir
(Mura formation in Slovenia): construction is
preferred in sandy layers thicker than 30 m.
– Distribution of hydraulic heads in the reservoir: construction is preferred in a downflow direction.
These factors influence the location selection,
thus for a spatial analysis they are divided into
three categories: 1 — construction is not allowed,
2 — construction is possible under strict conditions and 3 — construction is allowed. Such
analysis was performed at Terme 3000 Moravske
Toplice in Ne Slovenia where thermal water from
production wells Mt–6/82 and Mt–7/93 (the well
is inclined to the Se) would be reinjected. The location of any new well should be within a radius
of 700–1000 m from the existing production
zones, where the two production radiuses overlap. As the regional groundwater water flow is
from NW towards Se, the proposed location is
Se from both production wells. Water protection
areas and their restrictions also have to be applied (Figure 7.2.12).
The potential location of a new reinjection well
was also studied in the numerical model and
was located 850 m away from the production
well Mt–7. In the model a 100% reinjection of
the produced thermal water from well Mt–7
was simulated. An observation point was situated in the middle, between the distance of the
pumping and reinjection wells. Reinjection was
applied in the 9th year of simulation, the
planned start being 2017. The results were evaluated locally for this site, but it was assumed
that these could transferable over the whole
area of the transboundary porous basin fill
reservoir. They show that the increase in
groundwater heads would be about 4 m in
comparison to the non-injection scenario in
the observation point (Figure 7.2.13). An additional benefit of reinjection is also the decreased head amplitude (difference between
maximum and minimum hydraulic head) in

Figure 7.2.12. Case study of a spatial analysis for locating a new reinjection well at Terme 3000
Moravske Toplice

Figure 7.2.13. Change of groundwater heads at the observation point situated in the middle, between the pumping and reinjection wells, with (solid line) and without (dashed line) reinjection.
Simulated reinjection began in the 9th year, in 2017

the pumping well. This is especially beneficial,
as the reservoir is very sensitive to particle migration due to changes in pressure. The hydraulic effect of the doublet is estimated at
around 2 km downstream, 1 km upstream and
800 m lateral from the pumping well.

Application of new geothermal doublets
existing strategies and water management
plans foresee that geothermal development
will have to be supported by new doublets in
the region. A new doublet is planned in the settlement of lenti, Hungary; this was simulated
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with an extraction and reinjection capacity of
1920 m3/day (~22 l/s) all year round. Simulation
results showed no regional effects on the water
balance of the porous basin- fill reservoir of the
system, if 100% reinjection is applied. This enables multiple new users in the region and the
retention of the good status of the geothermal
aquifer for the future.
In Slovenia, a new doublet is anticipated in the
Municipality of Dobrovnik, which wants to activate the geothermal well Do–1/67 for the
town’s district heating system. Here, an active
pumping well Do–3g/05 already provides heating for the nearby ocean orchid’s greenhouse.
After the 8th Act of the Decree on the River
Basin Management Plan for the Danube Basin
and the Adriatic Sea Basin (which strongly restricts issuing new thermal water permits in
the Mura–Zala and Krško–Brežice basins) the
Municipality may assess the possibilities for establishing a geothermal doublet and making
an application for the mining concession.
Based on the performed spatial analysis, the
recommended optimum location for new rein-

jection wells is towards Hungary, east of both
existing wells (Figure 7.2.14).
risk mitigation measures for reinjection
wells in the design and drilling phases
During the design and drilling phase of a new
reinjection well there are several highly recommended measures, such as: a) the use of underreaming and gravel pack in the production
section, b) the production section of a reinjection
well should contain only pure sandstone without silt, c) the use of clay-mineral-free drilling
mud which is properly treated in the mud system by removal of cutting particles (this improves the permeability or injectivity of the
well). The use of a professional service provider
and supervised cementing activities for appropriate isolation in the well, and the performance of an adequate interference or tracer test
are also highly recommended. When the result
of interference and tracer tests are available,
accurate hydrogeological modelling is highly
recommended to verify the original model and
evaluate the duration of the cooling-free pe-

Figure 7.2.14. Spatial analysis for locating new reinjection wells in Dobrovnik, near the Slovenian–
Hungarian state border
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riod of the operation (namely, without a thermal breakthrough).
Considering the design, completion and operation of the surface system, in order to prevent
bacteria growth and clogging in the formation
the adequate treatment and filtering of reinjected water are highly recommended. (Bacteria and clogging decrease the permeability.)
During the operation, continuous monitoring
of quantities, temperature and pressure
(groundwater level) data are recommended.
Furthermore, the chemical composition of
water and gases should be monitored, given its
particle content and scaling potential. Regular
logging, evaluation and maintenance of the
well should identify early changes in the production of the reservoir. This makes it possible
to plan timely mitigation measures for any
problems which arise.

fuTurE GEoTHErmal
dEvElopmEnT of THE pIloT arEa
The SI–HU–HR pilot area is a well-explored and
well-exploited one, yet it still highlights a huge
untapped potential for geothermal heat production. This could support the decarbonatisation and energy decentralisation of the region.
There are several reservoirs that are already
tapped. Most benchmark indicators show that
at the current state of knowledge the most
promising geothermal reservoir is the Upper
Pannonian basin fill reservoir. This extends beyond national borders, but the existence of —
as yet unknown — basement reservoirs is
highly likely, and these could be exploited if innovative technologies are applied.
The technology required for thermal water exploitation in this pilot area is not sustainable at
present, as single production well systems prevail. The only two geothermal doublets in operation at the moment are being used for the
respective district heating systems of the
towns of lendava (SI) and Zalaegerszeg (HU).
All other users emit waste thermal water, the
temperature of which may reach up to 30 °C in
the surface waters or, more rarely; it may flow
into the sewage systems.
lack of reinjection results in chemical and
thermal pollution of surface waters. However,
ecological aspects of thermal water production
have not yet been investigated in detail at the
regional level due the as yet sparsely-devel-

oped monitoring network. Due to the scale of
the economic burden of investment in new
wells, as well as technological complexity and
questionable success, it is not likely that thermomineral waters with a high content of
gases, or organic substances will be subject to
reinjection. Also, the exploited carbonate reservoirs show no evidence of any deterioration in
their quality or quantity state. Therefore, it is expected that they can be further developed
along the lines of the already existing practices
(i.e. for single production wells).
Despite what has been mentioned above, to
foster further geothermal development of the
most prosperous basin fill reservoir of a transboundary nature, it will be necessary to immediately start regional reinjection into this Upper
Pannonian, loose sandstone geothermal aquifer.
Research indicates that it would be possible to
considerably increase the use of geothermal
heat production from this reservoir with the
use of geothermal doublets or triplets. The solutions for reinjection in such sediments are already known in Hungary, especially from its Se
parts. Therefore it can be assumed that there
is a possibility to adjust and optimise the reinjection well design to the local geological characteristics of this area, if proper risk mitigation
measures are taken.
Furthermore, it is estimated that increased thermal efficiency could at least double the amount
of produced geothermal heat alongside current
production rates. This can be achieved by installing additional heat exchangers and heat
pumps to abstract heat from current waste
water, such that its temperature would approach the average fresh groundwater temperature of approximately 12 °C.
Recent investigations suggest that to further
develop geothermal resources in the region
several actions should be taken:
— Continue the research into geothermal
resources, with the following having priority:
— examination of the geological structure of basement reservoirs in detail as it
may reveal untapped high-temperature
reservoirs,
— performance of hydrogeochemical research, which may reveal the preferential
flow paths of geothermal fluids,
— further development of the transboundary, hydrogeological numerical model
and its continuous upgrading with the
newest monitoring results.
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— Further tasks will involve the establishment of sustainable exploitation in order to
reach high environmental standards by:
— mitigating operational issues,
— increasing thermal efficiency,
— extending applicability of cascade use,
— planning and constructing reinjection
wells where feasible,
— setting up a regional monitoring network (passive monitoring),
— monitoring the quantity and quality
status of geothermal aquifers and benchmarking indicators based on the results
of operational and passive monitoring.
— efforts will be needed to increase social
acceptability and promote sustainable management by:
— raising public awareness among local
and regional shareholders,
— sharing knowledge on the resources
and their management among professionals and authorities, as well as among
the countries involved,
— initiating a continuous discussion on
key issues among users, investors, researchers, planners, professionals, authorities and other interested groups,
— establishing and continuously upgrading the geothermal information platform.
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InTroducTIon

SETTInGS

The Serbia — Bosnia and Herzegovina pilot
area is a relatively less-explored one compared
to the other two pilot areas (i.e. Slovenia–Hungary–Croatia and Hungary–Romania–Serbia).
The other major difference is that whilst in the
other two pilot areas the main geothermal
aquifer is the Upper Pannonian porous basin
fill reservoir, in this area the thermal water is
stored in the Triassic basement rocks. These
limestones are highly fractured and have
karstic porosity. They are assumed to have a
large territorial extension and a transboundary
character, shared by Serbia and Bosnia and
Herzegovina; however, not much is known
about its exact extent. On the Bosnian side, the
top of the Triassic carbonate reservoir varies
between 1,200–2,300 m below the surface (the
deepest values were registered in borehole S–
2; the shallowest in BIJ–1). On the other side, in
Serbia, the depth of this reservoir is only about
330 to 650 m. Because of the large difference
in the respective depths in the two countries,
the discussion on the transboundary character
of the aquifer is still open. Therefore, in this
pilot area, the main focus was on gaining a better understanding of the geological build-up.

GEoGrapHIc ovErvIEw
The Serbia — Bosnia and Herzegovina pilot
area comprises the regions of Mačva, which is
located in the north-western part of central
Serbia, and the region of Semberija, which includes the north-eastern parts of Bosnia and
Herzegovina (Figure 7.3.1). Mačva and Semberija are separated by the Drina river, which also
represents the border between the two countries. The areal extent of the pilot area is 1,465
km2.
The terrain is of a lowland nature, with altitudes
ranging from 80 to 90 metres a.s.l.
Both regions are located within the moderatecontinental climate belt. The average annual
precipitation is about 780 mm, and the average
annual temperature is about 11 °C, with cold
winters (lowest registered temperatures beneath –20 °C) and hot summers (highest registered temperatures above 40 °C).
The two biggest towns in the pilot area are
Šabac in Serbia, with a total population of
53,919, and Bijeljina in Bosnia and Herzegov-

Figure 7.3.1. Extent of the Serbia — Bosnia and Herzegovina pilot area
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ina, with 41,121 inhabitants. The above-mentioned towns are the respective administrative centres of their regions and are surrounded
by rural settlements, where the average population per settlement equals between 10,000
and 15,000. In the area of Mačva there are
some larger settlements: Bogatić, Majur,
Badovinci and Prnjavor; in the case of Semberija the settlements of Janja, Dvorovi, Crnjelovo and Obarska are the larger ones. The
respective regions represent very important
agricultural and industrial areas for both
countries. In Mačva agricultural production
and the food industry are prevalent, but there
is a chemical industry, and food processing
manufacture also takes place. The situation
is similar in Semberija, where the food, metal
processing and timber industries represent
the main driving forces alongside agriculture.

GEoloGIcal, HydroGEoloGIcal and
GEoTHErmal condITIonS

The pilot area lies at the southern margin of
the Pannonian Basin, where it joins the Dinarides and represents the typical basin structure
with two large lithological complexes: (1) Palaeozoic–Mesozoic basement rocks and (2) a
Neogene–Quaternary basin f ill sedimentary
complex. The greatest thickness of the Neogene and Quaternary deposits is about 1,500
metres, and the smallest is about 200 metres
(in central Mačva). Neogene and Quaternary
sediments are represented by gravels, sands
and clays, and they overlie the palaeo-relief of
the rocks of Mesozoic age. The latter form the
basement (namely, limestone of Triassic and
Cretaceous age, as well as dolomites and
sandstones).
With respect to the hydrogeological conditions,
the most dominant feature is the unconfined
aquifer; this developed within the Quaternary
sandy-gravel sediments. The groundwaters
stored within this aquifer type are mostly
used for the public water supply. Due to favourable recharge conditions and good filtering characteristics, this aquifer has significant
groundwater reserves, and the individual
yield per well can be as high as 50 l/s. Groundwaters formed within the Quaternary sediments are mostly of HCO3–Ca–Mg type, with
low mineralisation and temperatures from 11
to 15 °C.
However, from a geothermal point of view, the

most important object is the thermal karst
aquifer that formed within the limestones and
dolomites of Triassic age, and within the limestone of Cretaceous age. The latter occurs in
Bosnia and Herzegovina and also forms the
deep-lying basement rocks. The karst aquifer
is covered by Neogene–Quaternary sediments
of different respective thicknesses, while its
basement is represented by rocks of Palaeozoic age. The presence of Triassic limestones
in the area of Mačva (Serbia) was proved by drilling (e.g. at Bogatić), and their continuation can
be tracked further on to Semberija and Srem
(Bosnia and Herzegovina). Thus these limestones form a unique transboundary thermal
karst aquifer. Its surface is about 800 km2 in
the area of Mačva (MaRTINOvIć, MIlIvOJevIć 2000)
and more than 400 km2 in Semberija. However, the total area is estimated to be as big as
2,000 km2 (MIlIvOJevIć , PeRIć 1986). The thickness of the karstified Triassic limestone is over
200 m (MaRTINOvIć , MIlIvOJevIć 2000), and on
the basis of geophysical data, it is estimated
to be as thick as 1,000 m (MaRTINOvIć 2008).
The thermal source on this area is provided by
Tertiary granitoids. The temperature at the surface of the basement reservoir ranges from 35
to 78 °C. The expected maximum temperatures
in the area of Mačva are around 100 °C. This
value was calculated on the basis of a conceptual model and via the application of a hydrogeothermometer (MIlIvOJevIć 1989; GORGIeva
1989). The groundwater with the highest temperatures are captured in the area of Bogatić
by wells BB–1 and BB–2 (78 °C) from a depth of
400 to 600 m. The outflow temperature of the
water is very similar (about 75 °C) in Bosnia and
Herzegovina, despite the differences in the
final depth of the boreholes (S–1: 1,345 m, GD–
2: 1,800 m) and age of the aquifer (Cretaceous
vs. Triassic).
The Cretaceous basement reservoir in Bosnia
and Herzegovina (not drilled in the Serbian
part) produces thermo-mineral waters of a Cl–
HCO3-Na water type (borehole S–1). The Triassic
basement reservoir produces a HCO3-Cl–CaNa-Mg water type (borehole GD–2 at Slobomir,
Bosnia and Herzegovina), while in Bogatić (Serbia) it is a HCO3-Na-Cl water type. For both the
Serbian and Bosnian parts the total mineralisation is low; in the case of borehole GD–2, apart
from the temperature, the quality is very close
to drinking water. also, concentrations of gases
are very low.
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currEnT uTIlISaTIon pracTIcE
ExploITaTIon of THErmal waTEr
Despite the the proven geothermal potential,
the highly populated areas, and the very developed agriculture and industry, thermal water utilisation is still at a low level (Figure 7.3.2).
In the Bosnian part of the pilot area, 4 wells
were drilled for thermal water utilisation: two
actively produce thermal water, one is inactive
and one — at present the deepest (Bij–1,
2,457m) — has not been completed (because
the drilling equipment crashed into the borehole). an additional two wells were drilled for
oil exploration in the early 1960s of the last century, but the results are not known due to the
lack of relevant documentation. active wells
are S–1 in Dvorovi and GD–2 in Slobomir. The
thermal water of S–1 in Dvorovi is used for
balneology/ spa purposes, while the water of
GD–2 in Slobomir is used for space-heating.
In the area of Mačva (the Serbian part of the
pilot area), since the eighties and up to now,

twelve exploitation wells have been drilled.
Despite the significant geothermal potential of
the area, most of the wells have never been
used. The research projects carried out in 2016
aimed at defining the possibilities of using geothermal resources for heating a part of
Bogatić (MIleNIC et al. 2016).
a research project carried out in 2016.The geothermal heating system in Bogatić will be an indirect open system — i.e. the thermal water will
serve as a heating medium in the boiler rooms,
and the system will operate with a 470 m-deep
production well (BB–1), without reinjection. This
well captures thermal groundwater stored in
the Triassic limestone. Seven public building facilities will be connected to the system. The installed thermal power of the geothermal
heating system is 2.1 MWth with a primary temperature of 75/55 °C; and a secondary 70/50 °C
sub-system.

opEraTIonal ISSuES
Thermal water production is still based exclusively on a single-well configuration — i.e. there

Figure 7.3.2. Active thermal water utilisation sites in the Serbia — Bosina and Herzegovina pilot
area
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Figure 7.3.3. Sampling of thermal water for isotopic analyses: well GD–2, Slobomir, Bosnia and Herzegovina (left); Geothermal water sampling at borehole BB–2, Bogatić, Serbia (right)

is no reinjection well in the pilot area. Because
of the favourable hydraulic parameters of the
carbonate basement reservoirs and the low extraction rate in Bosnia (12 l/s) and in Serbia (25–
30 l/s), so far no signs of overextraction, or
thermal water level decrease have been observed. However, there is a potential ecological
problem related to the surface disposal of used
thermal water. In Bosnia the water used for
heating and spa purposes is released into the
shallow Quaternary sandy-gravel aquifer. This
aquifer stores fresh water and lays only 5 to 60
m below the surface. Due to the low mineralisation of the thermal water, chemical problems
related to the quality of the freshwater are not
reported. However, the “thermal“ effect around
the “injection points“ (namely, an abandoned
gravel pit in the case of Dvorovi spa and a shallow well in Slobomir) is obvious.
Due to the favourable hydrogeochemical character of the water (that is, the low total dissolved solid content and practically no free gas
content), there are no other operational issues
(e.g. scaling, or the possibility of explosions).
With the aim of further improving knowledge
about the actual groundwater composition
and its age, and to try to identify potential connections of flow paths between the wells, three
groundwater samples from the basement
reservoirs were collected and analysed in
spring 2019 (Figure 7.3.3); one came from the
Serbian and two from the Bosnian part of the
pilot area. Based on these data the water type
is NaHCO3Cl with a high boron concentration.
The oxygen isotope data are similar in the

samples and show groundwater recharge from
the Pleistocene; this is in accordance with the
radiocarbon data.

ExISTInG manaGEmEnT pracTIcE aSSESSEd
By THE BEncHmark mETHod

The analysis included 4 wells in the entire pilot
area: 2 in the territory of Mačva (Serbia) and 2 in
the territory of Semberija (Bosnia and Herzegovina) (Figure 7.3.4). The benchmark methodology itself, and the content and calculation of the
different indicators are discussed in chapter 6.
By carrying out a comparative analysis of the
indicators between the 2 countries, one can
conclude that the respective licencing procedures (indicator 3.1.) — based on national regulations — were graded as good practice in both
the area of Serbia and the territory of Bosnia
and Herzegovina.
The monitoring requirements (indicator 3.2.)
are also based on national regulations and
these mostly depend on the degree of application of the defined activities in the field (monitoring of quantities, temperature, waters
quality, etc.). The respective monitoring procedures were also graded as good practice in
both countries.
The monitoring setup (indicator 3.3.) involves
the the degree of realisation and application of
monitoring of the active production wells, as
prescribed by law. This setup is rated as good
practice in Bosnia and Herzegovina, and reasonable in Serbia.
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Figure 7.3.4. Comparison of benchmark indicators

The respective passive monitoring setups (indicator 3.4.) were graded as having a high need
for improvement, since practically no such monitoring practice exists either on the territory of
Serbia, or in Bosnia and Herzegovina. Monitoring of the piezometer level, the temperature,
and the chemical structure of geothermal waters should be carried out by the institutions in
charge.
There is a reasonable difference in operational
issues (indicator 3.5.), this difference being related to potential problems that arise during
the exploitation of thermal waters and the
measures taken to neutralise them. This is
rated as very good practice in Bosnia and
Herzegovina but it needs to be improved in
Serbia. a slightly less, but still remarkable difference exists between the two countries concerning the indicators 3.6. (cascade use) and
3.7. (thermal efficiency). Both these factors are
favourable in Bosnia and Herzegovina, where
they are rated as very good to reasonable practices; however, some improvement is needed
in Serbia, especially in terms of thermal effi120

cieny, which is related to the relatively high
temperature of outlet waters.
Utilisation efficiency (indicator 3.8.) has relatively good practice in both countries. This type
of efficiency shows the relation between the
amounts of geothermal resources that were licenced to be used by the authorised institutions and the actual amounts which were used
(exploited).
although some reinjection of the used thermal
water takes places in Bosnia and Herzegovina
into shallow near-surface aquifers, this indicator
(3.9.) needs to be improved in both countries.
This is despite the fact that at the moment no
signs of overextraction, or thermal water level
decrease have been observed.
as no significant thermal water extraction is at
present taking place in the pilot area, none of
the countries observed significant changes in
the quantity, quality, or temperature of the respective thermal groundwater. This is indicated by the good values of the relevant
measurements (indicator 3.10.).

The status of the water balance assessment criteria (indicator 3.11.) — i.e. criteria which represent a measure of the level of the details and
reliability of information on the water quantity
status of an aquifer at a site — is considered
very good in both countries.
although several good examples can be seen
both in Bosnia and Herzegovina and in Serbia,
public awareness (indicator 3.12.) should be improved. For example, larger users, especially
spas, are quite willing to share information with
the general public on water temperature and
chemistry.

GEoloGIcal rISk-mITIGaTIon
mEaSurES To IncrEaSE
GEoTHErmal HEaT producTIon
as this pilot area is less-explored compared to
the other two pilot regions, the testing of the
geological risk-mitigation scheme developed
in the DaRlINGe project (discussed in chapter
6) focused on the assessment of risks during
the exploration phase. This was primarily due
to the low level of knowledge with respect to
subsurface conditions.
at present there is not much information
available about the spatial extent and geological build-up of the vast transboundary geothermal reservoir formed in the basement
rocks (Triassic and Cretaceous limestones) in
the area of Mačva (Serbia) and Semberija
(Bosnia and Herzegovina). This is why a conceptual geological model has been developed. This model will also assist in making
forecasts associated with the potential influence and mutual impacts of the exploitation/
reinjection of geothermal waters in this region. In the future such impacts could make
their presence felt either on the Serbian side,
or in Bosnia and Herzegovina.
During the development of the model, lithostratigraphic data from 36 wells and boreholes (22 in the area of Serbia and 14 in the
area of Bosnia and Herzegovina) were used.
The conceptual model was designed using
Modflow Software. The model is shown on Figure 7.3.5.
The performed model clearly shows the regional distribution of limestones of Triassic
age spreading over the country borders; these

help to illustrate the main aquifer of the geothermal waters in the area. There is a considerable increase in the depth of these limestones
in an east–west direction: i.e. from Serbia on
the east, towards Bosnia and Herzegovina on
the west. The sharp sinking of the Triassic
limestone wells coincides with the actual flow
of the Drina river (which marks the border between the two countries); this is most probably a major tectonic line along which the
Triassic limestone sank to the basement (Figure 7.3.5).
In the area of Serbia, the Triassic limestones
are directly overlain by Neogene sediments,
whereas on the side of Bosnia and Herzegovina, the Triassic limestones are covered by
Cretaceous limestones and flysch sediments
(missing on the Serbian side). The latter also
store geothermal waters. These basement
rocks are overlain by Neogene sediments
which are significantly thicker in Bosnia and
Herzegovina than in Serbia, and they underpin the asymmetrical geometry of those basement rocks.
The next level of modelling — which would
imply hydraulic parameters and different scenarios for simulating the exploitation and reinjection of geothermal waters — was not carried
out due to the lack of data. Namely, out of 36
wells in the entire pilot area, only 4 wells are active, but continuous monitoring of their respective water levels, yield and temperature does
not take place. Collection of additional hydrogeological data and their assessment (including numerical modelling) will be one of the
most important tasks in the future in order to
complement the current low level of knowledge of the hydrogeological conditions. This
would also establish the base for sustainable
management of transboundary geothermal
energy resources.
as the geology and tectonic structure of the
area is quite complex, and the available drilling
data does not provide enough information for
confident evaluation of subsurface properties,
the risk mitigation measures (and thus the emphases) are based rather on data gathering, interpretation and completing new measurements. as the properties of the aquifer are very
similar on both sides of the pilot area, the identified measures of the scheme are described
together below.
Most of the recommended measures for the
initial geological evaluation phase are con121

Figure 7.3.5. A) 3D distribution of geological layers, B) 3D visualisation of the basement geothermal
reservoirs of the modelled area

nected to accurate data collection and interpretation. The evaluation should focus on expected temperature, yield, drilling difficulties,
and characterisation of the target formation
and its features. an additional aim is to try to
identify more than one target zone. The fluid
properties — like gas content, scaling and corrosion potential — should also be evaluated.
New surface geophysical measurements are
recommended in order to identify and locate
target zone(s) with higher accuracy (thus anticipating future production and/or reinjection
wells). The more accurate the location of a target zone is, the greater the reliability of the
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drilling
plan,
and
thus
it
will
be
easier to estimate the cost of drilling. Furthermore, the identification of more than one target zone will increase the likelihood of
successful drilling. The performance of accurate hydrogeological modelling — including
data collection and interpretation — presents
a useful opportunity to work out how far from
the production well the new reinjection
should be such, that it will have the least cooling effect on production. It will also help in
gaining information about the direction in
which the reinjection well should be placed
relative to the production well.

fuTurE GEoTHErmal
dEvElopmEnT of THE pIloT arEa
The Serbia — Bosnia and Herzegovina pilot area
is characterised by a significant, but at the moment largely untapped geothermal potential.
Those confirmed thermal water resources
which have a temperature above 70 °C are stored at a relatively shallow depth (especially on
the Serbian side) in basement reservoirs. The reservoirs formed in Triassic limestones (over the
entire pilot area) and Cretaceous limestones
(Bosnian side). at present they are utilised by
only 3 active wells. The pilot area is characterised
by a complex geological structure, about which
little is known at the moment. Therefore the future acquisition of new geoscientific information is of topmost priority. This would involve
surface geophysical methods — such as seismic
measurements — in order to unravel the tectonic structures. The latter have a key role in connecting/separating various aquifers along fault
planes. Geothermal resources formed within
the Triassic and Cretaceous reservoirs differ in
terms of temperature and chemical composition. Nevertheless, in Bosnia and Serbia, despite
the significant differences in the respective
depths of the Triassic reservoirs (differences
which can be over 500 m), the chemical composition and temperature of geothermal resources
formed within this (transboundary) geothermal
aquifer are very similar in both countries; this
confirms their connectivity. However, further
collection and evaluation of hydrogeological
data is essential for improving the current
knowledge about the thermal water flow system. It is necessary to develop a regional numerical hydrogeological model that is able to
predict the long-term impacts of various utilisation scenarios, including considerations concerning cross-border effects. Isotopic research
projects are also required to define the mechanisms needed for recharging the geothermal
reservoirs.
The temperature and chemical composition of
the thermal waters is more than ideal for heating purposes (with temperatures between 70
and 80 °C, and a low total dissolved solid content). In both countries there are initiatives for
such usage: in Slobomir (Bosnia and Herzegovina) an ambitious project targeting the heating of various buildings is pending at the
moment due to financial issues, while in Bogatić, Serbia the first geothermal heating system
will start operating soon with 2.1 MWth capacity.

Due to the favourable hydraulic parameters of
the carbonate basement reservoirs, so far no
signs of overextraction, or thermal water level
decrease have been observed. This is also due to
the low level of utilisation at the moment. Nevertheless, for future developments, reinjection is
recommended, partly to mitigate the environmental problems caused by the surface disposal
of used thermal water, and partly to maintain
the water levels and pressure conditions in the
reservoir. Injecting into fractured reservoirs is
(relatively) much easier than it is with porous
aquifers, and there are numerous good practices
recommended for such situations.
The status and management of geothermal
resources in the territory of the pilot area can
be graded as relatively good, taking into account all the twelve analysed benchmarking
indicators. Improvements are necessary with
regard to (a) setting up a passive monitoring
network for observing and following changes
in the quality and quantity of the thermal
water resources, (b) reinjection and (c) increased thermal efficiency. In the forthcoming
period, and on the basis of the activities carried out up to now regarding the evaluation of
the current state, it is necessary to synchronise the activities of the transboundary aquifer
management. This is in order to reach the
minimum status of good practice within all
the indicators and, in the long-term, to strive
to reach the highest category (very good practice). This would mean that reliable, long-term
and sustainable management of geothermal
resources is provided.
It is suggested that in the near future measures
should be taken to increase the use of geothermal resources, particularly since the pilot
area was graded as one with significant energy
needs. (For example, it is the location of some
of the bigger urban zones, it has a well-developed system of agricultural production, and industrial production is beginning to develop.)
Detailed heat demand analyses are also necessary to match the demands with the resources
available. The planned developments should
consider (and wherever possible apply) the
principles of cascaded use so as to reach the
maximum efficiency when meeting the various energy needs. The increasing interest in introducing local, green energy as a booster for
development is demonstrated by growing
public awareness, more active participation on
the part of local authorities, and the interest
shown by shareholder parties. This awareness
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and interest must be upheld with continued
campaigns promoting the advantages of geothermal energy.
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InTRoDucTIon
Different databases related to geothermal energy exist all around the world. However these
are fragmented in terms of contents, formats
and their geographical coverage. Scientists, operators and consultants organise “geological”
databases which contain subsurface data, most
often in the form of different subsurface maps
(e.g. temperature and heat flow distribution,
various geological units). This information is seldom accessible to the public. Regional, national
and European administrative bodies produce,
collect, and publish regulations, documents, descriptions and maps of geothermal licences,
and also energy production values, most often
in the form of texts and figures. Furthermore,
funding and insurance agencies require and
organise information necessary for risk management and economic analyses of the proposed projects.
Territorial management requires informed decisions based on access to authentic and upto-date data and information. The ability to
access and re-use data is also a concern of policy-makers (e.g. legal acts dealing with data
protection and data accessibility, coupled with
the intention to create economic information
in a digital form by reusing of public sector information). The most important EU policies regarding data reuse are the Public Sector
Information (PSI) Directive (2013/27/EU) —
which deals with open data (OD) — and the
INSPIRE Directive (2007/2/EC).
In the past few years, in order to support the
development of geothermal projects, several
EU-funded projects have attempted to provide
pooled knowledge and data-sharing services
where geothermal information can be accessed, retrieved and queried. Two of the most
recognisable systems are the European Geothermal Information Platform (EGIP) developed within the Geothermal ERANET project,
designed as an INSPIRE-compliant distributed
system, and the Danube Reference Data and
Services Infrastructure (DRDSI). The latter is an
open platform provided by the European Commission’s Joint Research Centre (JRC) and it
contains almost 10,000 datasets for the
Danube Region (9 of them are geothermal).
Furthermore, almost all international geothermal
research and development projects usually prepare some sort of “web-viewer”, where the con126

tent-specific end-results are shown in the form
of interactive maps and databases (e.g. Transenergy, GeoDH, GeoElec, GeoMOL projects). Alongside these items, several national geothermal
information portals also exist (e.g. GeoTIS for Germany, ThermoGIS for The Netherlands). These
provide easy-to-understand information about
the the geothermal potential of a given area
with respect to utilisation and subsurface conditions.

The Danube ReGIon GeoTheRmal
InfoRmaTIon PlaTfoRm — DRGIP
Inspired by the processes mentioned above, one
of the main goals of the DARLINGe project was
to establish a centralised entry point to facilitate
the exchange of methods and ideas between
those working in the field of geothermal energy
in the Danube Region. The essential purpose of
this goal was to integrate and harmonise geological, hydrogeological, geothermal- and to
some extent other technical information and
services. This is called the Danube Region Geothermal Information Platform (DRGIP — https://
www.darlinge.eu) (Figure 8.1). In short, the
DRGIP is a data infrastructure system that provides data and information services, as well as
core services allowing discovery, access, validation and download of data and information, and
maintenance of the system itself. It follows an
open-access policy, meaning that no user authentication is required. Thus access to the material which encompasses the work of the
DARLINGe project requires no more than acceptance of the general terms and conditions of
the data-providing institutions. It is expected
that DRGIP will serve as an informative, userfriendly and stakeholder-engaging site.
DRGIP jointly presents all technical and nontechnical information collected and evaluated
during the DARLINGe project and it consists of
two main parts. The first part is represented by
a web-map viewer (Figure 8.2) which provides
access to information on spatial-referenced
datasets (boreholes, maps, etc.). This web-map
viewer also enables the construction of interactive visualisations, data download, exports
and queries. Among other items, it contains
harmonised geological maps, cross-sections,
maps of subsurface temperature distribution,
and the respective spatial distributions and resource estimations of the various geothermal
reservoirs. The reservoirs themselves were delineated on the basis of all the other informa-

Figure 8.1. Homepage of the Danube Region Geothermal Information Platform (DRGIP)

Figure 8.2. Visualisation of spatially referenced data through DRGIP map viewer

127

tion also available on the DRGIP (see also chapter 3). The respective situations of the reservoirs
in the project area can be coupled with the
maps showing heat demand (see also chapter
5). In this way the most promising places for future developments become visible: i.e. where
the available resources meet the needs for
heating. The map-viewer also visualises the
vast borehole database developed within the
project, showing organised information from
wells and springs from the project territory.
Special attention was given to those wells
which currently produce thermal water (“geothermal wells”).
The second main part of the DRGIP contains
thematic modules, where more detailed information can be found on some relevant topics (Figure 8.3).
In the Knowledge-Sharing module one can
find the relevant published information related
to geothermal energy in the area of the Pannonian Basin — namely, potential, geology and
hydrogeology, utilisation, etc. All publications
are accompanied with a short abstract. For
open access publications there is a link to the
original paper, while for the restricted ones
there is a link to the relevant site. At this site
one can find further instructions about how to
access the full contents of a particular paper.
Publications are searchable by categories and
regions (states), as well as by words included in
titles and abstracts.

The Glossary module provides the definitions /
brief descriptions of the most commonly used
terms related to geothermal energy and technologies. In order to provide practical methods
and techniques for thermal water users, authorities, project developers for the sustainable
management and effective operation of geothermal energy resources, three methods have
been developed, which form key parts of the
modules.
The module on benchmarking is the intercative representation of one of the tools developed for the sustainable management of
transboundary geothermal resources (see
chapter 6). Its aim is to assist the evaluation the
evaluation of the strengths and weaknesses of
current management and utilisation practices
involved in thermal water production. The tool
enables fast graphical comparison of the 12 different indicators among themselves and selected entities. These are grouped into four
general aspects: (1) Management, (2) Technology & energy, (3) Environment, and (4) Social.
The tool has been tested and evaluated based
on detailed information gathered for about 225
geothermal wells for 3 cross-border pilot areas:
the Hungarian–Serbian–Romanian area, the
Slovenian–Hungarian–Croatian area, and the
Serbian – Bosnian and Herzegovinian area. The
resulting calculation for each indicator is grouped into one of five categories, pointing out
how much effort is needed to improve the current exploitation practice.

Figure 8.3. Thematic modules of DRGIP
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The module on the Decision tree is the second
element of the tool-box (see chapter 6). Developing a geothermal project is a complex and
time-consuming procedure. It frequently occurs that potential developers (e.g. municipalities) underestimate the number of issues —
from all the very different fields involving geothermal energy — which have to be considered
in order to start the actual work, and to reduce
the risk of an unsuccessful project. Therefore
the main aim of this tool is to raise awareness
with respect to the complexity of geothermal
project development, and to draw attention to
all the key aspects requiring consideration before a decision is made on whether to proceed
with a particular project. The tool follows the
structure of a decision tree and focuses on one
idealised. Its main aim is to inform readers
about what types of decision gates might
occur during the development of a geothermal
project focuses on one idealised project involving the planning and drilling of a doublet (i.e.
one production well and one injection well).
The wells are connected via pipelines and the
fluid is circulated through heat exchangers for
heat and/or electricity production. The tool
consists of a series of questions to be considered during the project development: namely,
from the initial idea until the geothermal
system is set up and running. Emphasis is placed on related decisions referring to the four
most important fields:
1. Resources: including technological aspects of the subsurface and the surface
parts of the system.
2. Markets: referring to the aspects of selling the product of the system, in this case
the heat.
3. Licensing: procurement of licences and
applications for permission, to be submitted to the relevant authorities.
4. Funding: aspects of project financing.
The answers to be provided are simply of the
“yes” or “no” type. After answering several
questions, a decision is needed concerning the
continuation of the project. Following this,
more questions need to be answered before
the next decision can be made. This tool helps
in the finding of the optimum decision by indicating the share of “yes” or “no” answers previously given for each separate field. There is an
explanatory text for almost all the questions
and this helps to provide a better understanding of the relevant question.

The module on Risk mitigation is a web application belonging to the third part of the toolbox (see chapter 6). Risk mitigation is a type of
risk treatment that deals with the avoidance of
the negative consequences of an activity. All
risk mitigation activity is costly. While the actual cost of an activity can be calculated with
relatively reliable accuracy — consisting of
some services and use of devices and materials
— the evaluation of the real contribution of a
mitigating measure to the success of a project
is problematic. The Risk Mitigation tool enables
a user to get a list of those risk mitigation measures that are associated with a particular project. The primary aim is to avoid the most likely
forms of damage which might occur in a geothermal project. The tool centres on an idealised project which consists of the planning and
drilling of a doublet (one production well and
one reinjection well). As with the Decison Tree
module, the wells are connected via pipelines
and the fluid is circulated through heat exchangers for heat and/or electricity production.
The risk mitigation measures can be defined
according to the different project phases at
which the measure(s) should be planned or
performed. As a first step information is collected about the project with the aid of 4 questionnaires concerning, respectively: (1) general
information about the project, (2) available drilling, temperature and surface geophysical
data, (3) reservoir properties, and (4) basic fluid
properties. After answering all the questions,
the given project phase should be selected.
Based on all these pieces of information, the
tool lists the suggested risk- mitigation measures according to the level of recommendation;
it also defines what types of damage could be
avoided by the given measure.
The module on legislation targets the most
significant non-technical barriers facing geothermal developments — i.e. the complex and
sometimes incoherent — national regulatory
frameworks and the time-consuming licensing
procedures. The module has 3 parts:
Part 1 refers to “Geothermal legislation” and
provides an easy overview about the respective
geothermal legislatory procedures of the 6
DARLINGe countries by comparing the answers of each country to 25 questions on geothermal legislation. (Countries having the same
answer to the same question appear in the
same colour on the relevant map.) The more
detailed answers given by a country can be
downloaded as separate files.
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Part 2 concerns “Licensing procedures”. This
part provides an easy guide to the respective
flow charts which summarise the main steps of
licensing for each country.
Part 3 focuses on “Contact with relevant authorities” and offers the contact details of the
relevant organizations which play a key role in
licensing geothermal projects in the project
countries.

ouTlooK foR PRoGReSS
Readily available and shared data resources
should constitute the basis of a more transparent policy, following the FAIR principles: namely, standardised and reusable data to make
the data easily findable, accessible, Interoper-
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able and Reusable. DARLINGe countries must
create a culture which involves (a) strong political support for data and knowledge sharing,
(b) the creation of an Open Data platform for
the Danube Region and (c) the participation of
stakeholders in the establishment of the platform to ensure it fulfils its purposes (as will be
the case with the DRGIP portal).
Wider acceptance of the Open Data initiative
has resulted in more Open Data portals being
implemented and available in the Danube Region; this is why it is envisaged that DRGIP will
be part of the Danube Reference Data and
Services Infrastructure (DRDSI). By becoming
a part of DRDSI, DARLINGe will also support
one of DRDSI’s main conclusions, that “…data is
crucial for macro-regional strategies as a
means to support policy-makers, as a shared
asset to support economic growth and as a cultural artefact for the citizens of the region…”.
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