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L. INTRODUCTION AND AIMS

The transition toward low-carbon energy systems requires solutions that
balance seasonal mismatches between heat supply and demand. In Central
and Eastern Europe, underground thermal energy storage (UTES) can store
surplus heat in the subsurface for later recovery, and high-temperature
aquifer thermal energy storage (HT-ATES) is especially relevant for
district-heating and industrial applications. Depleted hydrocarbon reservoirs
are attractive HT-ATES targets because they offer proven
porosity-permeability systems, dense well networks, and long production
histories that reduce geological uncertainty. Repurposing such assets can
complement or replace costly decommissioning and abandonment, allowing
legacy infrastructure to contribute to decarbonization while limiting
environmental and economic liabilities.

Hungary's Pannonian Basin provides an ideal testbed, where elevated
geothermal gradients, well coverage, and substantial district-heating
demand coincide with decades of subsurface data. Yet clastic-reservoir
heterogeneity,  particularly =~ channelized  sands  embedded in
lower-permeability facies, complicates predictions of heat transport, thermal
recovery efficiency, and long-term system performance.

This  dissertation synthesizes geothermal and subsurface-energy
contributions developed during the PhD research alongside a broader
publication record that includes contributions to 27 peer-reviewed papers
spanning geothermal systems, reservoir characterization, geological
mapping, and mineral-resource studies. Three HT-ATES-focused papers
form the dissertation backbone, covering (i) probabilistic MCDA-AHP
screening integrated with geostatistics, (i) MODFLOW-MT3DMS
heat-transport simulation coupled with Random Forest surrogate modeling,
and (iii) XGBoost-based 3D channel mapping for thermal-breakthrough
prevention. Two complementary geothermal publications, a review on
geothermal energy and critical metal extraction and a national overview of
geothermal energy in Hungary, provide wider context and strengthen
stakeholder engagement across academia, industry, and policy. Together,
these works establish a coherent progression from regional screening to
reservoir-scale simulation and scalable, data-driven optimization for
practical HT-ATES deployment.

Although the potential of depleted hydrocarbon fields for UTES has been
widely acknowledged, current assessment and design approaches remain
fragmented. Regional screening studies often rely on simplified geological



representations and deterministic parameter values, which are insufficient
for formation-scale planning under uncertainty. Conversely, high-fidelity
numerical simulations can capture complex heat-transport processes but are
computationally intensive and difficult to apply systematically across large
numbers of candidate sites. These limitations are amplified by inadequate
representation of clastic-reservoir heterogeneity, where sand-channel
architecture exerts first-order control on flow paths, thermal plume
evolution, and breakthrough timing.

The overarching objective of the dissertation is to develop an integrated,
uncertainty-aware, and data-driven framework for the assessment, design,
and optimization of HT-ATES systems in depleted clastic hydrocarbon
reservoirs. This objective was pursued through three connected aims: (1)
probabilistic screening and ranking of depleted reservoirs by integrating
MCDA-AHP with geostatistical simulation; (2) quantitative evaluation of
thermal performance using physically based groundwater-flow and
heat-transport modeling under heterogeneous conditions; and (3)
development of scalable machine-learning and hybrid modeling approaches
for rapid performance prediction and high-resolution geological
characterization to support optimized system design.

II. APPLIED METHODS

1) Probabilistic MCDA-AHP screening integrated with geostatistics. A
probabilistic site-screening workflow was developed by integrating
Multi-Criteria Decision Analysis with the Analytic Hierarchy Process
(MCDA-AHP) and stochastic geostatistical simulation. Reservoir and
operational parameters (e.g., porosity, permeability, thickness, temperature,
heat capacity, thermal conductivity, and well density) were gridded and
populated using multiple realizations to represent subsurface uncertainty.
Expert-derived weights were combined into composite suitability indices,
and P10-P50-P90 maps were used to identify robust high-suitability zones
and to test sensitivity to alternative weighting schemes.

2)  Numerical  groundwater-flow and  heat-transport  simulation
(MODFLOW-MT3DMS). Reservoir-scale feasibility and design controls
were quantified using a coupled groundwater-flow and heat-transport model
implemented with MODFLOW and MT3DMS. Three-dimensional
distributions of porosity, permeability, and anisotropy were constructed
from well logs, core data, and production records, and then translated into
hydraulic and thermal parameter fields. Seasonal injection-production
cycles were simulated for duplet configurations to evaluate plume



containment, thermal breakthrough timing, and recovery efficiency under
alternative well spacings and operational schedules.

3) A combined machine-learning workflow was developed to speed up
HT-ATES performance screening and improve UTES well placement in
clastic reservoirs. A Random Forest surrogate trained on numerical
simulations predicts thermal recovery and breakthrough time from key
geological and operational inputs, enabling rapid multi-scenario
optimization. In parallel, XGBoost with RBF residual correction predicts
Flow Zone Index from well logs to produce 3D sand-channel connectivity
maps that support thermal-breakthrough risk mitigation.

III. NEW SCIENTIFIC RESULTS

T1: The multi-criteria decision analysis-analytical hierarchy process
(MCDA-AHP) framework, integrated with geostatistics, is a
time-efficient and systematic way to assess the suitability of abandoned
hydrocarbon fields in Hungary for underground heat storage. In this
framework, key reservoir and operational parameters such as porosity,
permeability, thickness, temperature, heat capacity, thermal conductivity,
and well density are represented on a grid and populated using stochastic
geostatistical simulations to capture subsurface uncertainty. Expert-derived
weights are assigned to these criteria and combined into composite
suitability indices, which classify each grid block as having high, medium,
or low potential for thermal energy storage. The resulting suitability maps
show that the method can rapidly highlight the most promising zones within
each field, even in data-limited settings. These findings indicate that
MCDA-AHP, when coupled with geostatistics, provides a practical
decision-support tool for repurposing mature fields as underground thermal
energy storage sites rather than treating them solely as decommissioning
liabilities.

T2: The Békés Formation in Hungary is consistently identified as a
prime candidate for high-temperature aquifer thermal energy storage
(HT-ATES) by the probabilistic MCDA-AHP screening framework.
Analyses of P10, P50, and P90 realizations generated from geostatistical
simulations show that this formation repeatedly attains high suitability
scores over a large fraction of its area, even when accounting for uncertainty
in porosity, permeability, and temperature. The contrast in suitability
between favorable and marginal zones within the formation demonstrates
the framework's ability to resolve spatial heterogeneity and to distinguish
robust targets from more uncertain ones. When compared with earlier,
coarser national screening studies, the results show that the method



effectively bridges regional-scale ranking and formation-scale design
insight. These observations imply that the Békés Formation can serve as a
reference case for HT-ATES deployment in clastic basins and that the
MCDA-AHP approach provides a rigorous basis for prioritizing formations
and fields under geological uncertainty.

T3: Repurposing depleted hydrocarbon fields for underground thermal
energy storage is shown to be economically competitive with, and in
many cases preferable to, conventional well decommissioning when
evaluated within the MCDA-AHP framework. Typical decommissioning
costs, which can range from tens of thousands to over one million USD per
well, contrast with the option of retaining and adapting existing boreholes
and reservoir infrastructure for long-term energy storage services. In the
decision framework, criteria related to economic performance,
environmental risk reduction, and regulatory constraints can be combined
with geological parameters to rank fields according to their repurposing
potential. The results demonstrate that many fields currently categorized as
end-of-life liabilities could instead be treated as strategic subsurface assets
for heat storage, CO2 storage, or other low-carbon applications. This
indicates that integrating repurposing options into decommissioning
planning can materially change the cost-benefit balance for operators and
regulators, with significant implications for national energy transition
strategies.

T4: A high-resolution hydrogeological and thermal transport model of
the Békési Formation demonstrates that a depleted clastic reservoir can
sustain high-temperature aquifer thermal energy storage (HT-ATES)
under realistic operating conditions. The model, implemented with
MODFLOW and MT3DMS, uses well logs, core analyses, and production
histories to reconstruct the three-dimensional distribution of porosity,
permeability, and anisotropy and to translate these properties into hydraulic
and thermal parameters. Simulations of dual-well (duplet) configurations
show that injection temperatures on the order of 95 C are feasible and that
the resulting thermal plumes remain largely contained within the formation
over multiple seasonal cycles. The spatial evolution of the heat plume
reveals that reservoir architecture and anisotropy strongly control heat
migration pathways, storage efficiency, and the timing of thermal
breakthrough at the production well. These outcomes indicate that
physically based numerical modeling can directly link clastic reservoir
heterogeneity to HT-ATES performance and provide quantitative design
guidance.



T5: Systematic numerical experiments show that optimal inter-well
spacing and operational scheduling can increase HT-ATES thermal
recovery efficiencies in the Békési Formation from about 81% initially
to nearly 89% after several cycles, corresponding to an improvement of
roughly 8. 5%. Suites of MODFLOW/MT3DMS simulations performed
under varying porosity, permeability, and anisotropy conditions quantify
how thermal breakthrough timing and recovery factors depend on both
geology and well layout. The results indicate that there exists an
intermediate range of spacing in which heat recovery is maximized: wells
placed too close together experience early breakthrough, whereas wells
placed too far apart underutilize the available reservoir volume. Scenario
comparisons of different seasonal injection-production schedules further
show that certain combinations of storage and extraction periods yield
systematically higher annual energy returns than others. These findings
demonstrate that jointly optimizing well spacing and operational strategy,
informed by geological sensitivity analysis, is essential for robust and
efficient HT-ATES design in clastic reservoirs.

T6: A Random Forest-based surrogate model trained on ensembles of
HT-ATES simulations provides accurate and computationally efficient
predictions of thermal performance across large numbers of candidate
wells and configurations. The model learns relationships between input
descriptors such as reservoir properties, well spacing, injection temperature,
and operational schedule and outputs including thermal recovery efficiency
and breakthrough time, achieving a coefficient of determination of
approximately 0.87 on validation data. Once calibrated, the surrogate can
evaluate thousands of scenarios at a cost that is more than 90% lower than
running full MODFLOW/MT3DMS simulations for each case, enabling
extensive parameter sweeps and uncertainty analyses. Application of the
model to wells beyond the original numerical model domain shows that it
can successfully extrapolate within a broader geological context, provided
the input parameters remain within physically reasonable bounds. These
results indicate that hybrid numerical-machine-learning workflows can
scale HT-ATES planning from small, expert-curated scenario sets to
exhaustive, data-driven optimization.

T7: The Hungarian subsurface is demonstrated to be a particularly
favorable and instructive testbed for data-driven repurposing of
depleted clastic hydrocarbon reservoirs into HT-ATES systems. The
country's dense network of mature wells, relatively high geothermal
gradients, and extensive district heating demand create a setting in which
stored heat can be practically delivered to end users. Historical datasets



including well logs, core measurements, and production records are shown
to be sufficient to construct geostatistical models, numerical flow and
heat-transport ~ simulations, and machine-learning surrogates that
collectively support HT-ATES design. Case studies in the Békés Formation
illustrate how this integrated workflow can identify optimal well
configurations, predict long-term performance, and manage uncertainty.
These facts imply that the Hungarian example offers a transferable blueprint
for other clastic basins with similar legacy data and heating needs,
transforming depleted fields into key components of national
decarbonization and energy security strategies.

T8: A hybrid machine-learning workflow combining XGBoost
regression with radial basis function (RBF)-based spatial residual
correction accurately predicts the three-dimensional distribution of
high Flow Zone Index (FZI >= 4. 5) sand-rich channels in the Szolnok
Formation. Petrophysical data from 128 wells, including porosity,
permeability, and lithological indicators, are processed into features that
capture both local rock properties and their spatial context before being
used for training. The resulting model achieves an R2 of about 0.92 and a
root-mean-square error of roughly 0.24, clearly distinguishing
high-permeability channel bodies from low-FZI background intervals that
behave as barriers to flow. The predicted channel network exhibits
geologically plausible geometries and connectivity patterns, matching
independent interpretations of the depositional system. These results show
that hybrid geostatistical-machine-learning approaches can deliver
high-resolution, geologically interpretable channel architectures that exceed
the efficiency and, in many cases, the predictive quality of traditional
stochastic simulations.

T9: Explicit prediction of sand-channel architecture in the Szolnok
Formation is shown to be directly usable for optimizing underground
thermal energy storage (UTES) site selection and well placement to
reduce thermal breakthrough risks. The model outputs delineate
continuous high-FZI channel zones suitable for injecting and producing
fluids and identify adjacent low-FZI intervals that act as natural baffles or
barriers between channel segments. By assigning hot and cold wells to
different, geologically separated channel bodies that are shielded by these
low-FZI zones, the design can minimize unwanted hydraulic and thermal
communication between well pairs. Simulated flow and heat-transport
behavior based on the predicted architecture confirm that such
configurations delay thermal breakthrough and improve storage efficiency
relative to designs that ignore channel geometry. These findings indicate



that detailed channel mapping is a critical prerequisite for long-lived,
high-performance UTES systems in channelized clastic reservoirs.

T10: The hybrid XGBoost-RBF workflow for sand-channel prediction
is demonstrated to be significantly more computationally efficient than
traditional Sequential Gaussian Simulation (SGS) while maintaining
comparable or superior accuracy, and it is designed for reuse in other
basins. Benchmarking shows that a typical SGS realization requiring
approximately 8-12 hours of computation can be replaced by a
machine-learning-based prediction generated in around 15 minutes once the
model is trained. The workflow, which includes standardized feature
engineering from well logs and spatial residual correction, is shown to be
portable to other Szolnok-bearing fields and analogous channelized clastic
systems, subject to recalibration with local data. The codebase and model
configuration are documented and shareable, allowing other practitioners to
reproduce, audit, and extend the approach. These facts suggest that the
workflow can serve as a practical standard for channel-focused
characterization in UTES, geothermal, and hydrocarbon projects across the
Pannonian Basin and similar sedimentary provinces.



SUMMARY

The dissertation demonstrates that legacy subsurface datasets from mature
hydrocarbon  provinces can be repurposed into a coherent,
uncertainty-aware design workflow for high-temperature aquifer thermal
energy storage. Probabilistic MCDA-AHP screening provides an efficient
bridge between regional-scale ranking and formation-scale targeting, while
physically based MODFLOW-MT3DMS simulations quantify how
heterogeneity, anisotropy, and operational design control plume evolution
and thermal recovery. Machine-learning surrogates and hybrid
channel-mapping models extend these insights to large scenario spaces and
high-resolution geological architectures at practical computational cost.

Collectively, the results support a staged HT-ATES development pathway in
which candidate fields are first screened under uncertainty, then tested by
calibrated reservoir-scale simulations, and finally optimized using scalable
data-driven predictors linked to geologically interpretable reservoir
architecture. These outcomes indicate that depleted clastic reservoirs in
Hungary can be transformed from end-of-life liabilities into strategic
thermal-storage assets that contribute to district-heating decarbonization and
energy security, with a workflow that is transferable to other data-rich
sedimentary basins.

Osszefoglalo

A disszertacid bemutatja, hogy az érett szénhidrogén-tartomanyokbol
szarmazd, Orokolt felszin alatti adatkészletek ujrahasznosithatok egy
koherens,  bizonytalansagtudatos  tervezési  munkafolyamattd a
nagyhomérsékleti vizadd rétegben megvalositott hétarolas (HT-ATES)
szamara. A probabilisztikus MCDA-AHP alap szlirés hatékony hidat
képez a regiondlis 1éptékii rangsorolas és a formacioléptékt célkijeldlés
kozott, mikozben a fizikailag megalapozott MODFLOW-MT3DMS
szimuldcidk szamszerlsitik, hogy a heterogenitds, az anizotropia és az
iizemeltetési/tervezési paraméterek miként szabalyozzak a plumfejlédést és
a hoévisszanyerést. A gépi tanuldson alapuld szurrogdtok és a hibrid
csatornatérképezési modellek e felismeréseket nagy forgatokonyvtérre és
nagyfelbontast geologiai architektirakra is kiterjesztik, gyakorlati szamitasi
koltség mellett.

Osszességében az eredmények egy 1épcsdzetes HT-ATES fejlesztési palyat
tamasztanak ala, amelyben a jel6lt mezoket eldszor bizonytalansag mellett
szlirik, majd kalibralt, rezervoar-1éptékii szimulaciokkal tesztelik, végiil
geologiailag értelmezhetd rezervoar-architektrahoz kapcsolt, skalazhatd
adatvezérelt prediktorokkal optimalizaljak. Ezek a kimenetek azt jelzik,
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hogy a magyarorszagi kimeriilt tdrmelékes rezervoarok az életciklusuk
végén jelentkezO terhekbdl stratégiai hétarolasi eszkozokké alakithatok,
amelyek hozzajarulnak a tavhd dekarbonizacidjdhoz és az energiaellatas
biztonsadgahoz, egy olyan munkafolyamattal, amely mas, adatokban gazdag
illedékes medencékre is atviheto.
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