











3. Assessing Thermal Groundwater Flow in the Danube Basin...

creases towards the margins of the Danube Basin, tempera-
ture in depth increases. This irregularity is caused by a cold
water body, which is bound to the uppermost hydrogeo-
logical unit showing a maximum thickness of 460 m. The
colder zone gradually perishes downward and the tempera-
ture field corresponds to the heat flow. Badenian volcano-
clastics at depths of 5,000-6,000 m may contain geother-
mal waters with aquifer temperature exceeding 200 °C.
They can be utilized by applying reinjection for reasons of
sustainability. Because of its post-Sarmatian evolution, the
Danube Basin has a bowl-like brachysynclinal shape.

The upper boundary of the geothermal water body
was in Slovak studies and research works located at
depths of 1000 m below the surface and at the bottom it is
confined by a fairly impervious substratum - an aquitard
(clays) which plunges from the surrounding area towards
the centre of the basin to a depth of up to 3,400 m below
surface (Franko et al., 1995).

3.4. Regional modelling

The aim of the regional numerical modelling was to
simulate the hydrogeological and geothermal conditions
in the geothermal water body of Pre-Neogene and Neo-
gene fill of the Danube Basin. The goal of modelling that
comprises 3D groundwater flow and heat transport simu-
lations was to provide information for better understanding
of the hydrogeological and geothermal conditions in the
pilot area. The modelling simulations were calculated for
steady state conditions — steady flow and steady heat
transport. Two scenarios are compared in the model —
pre-utilization reflecting “natural conditions” with no
pumping assumption and assumption considering influ-
ence of the production wells based on accessible data
about the geothermal water extractions.

3.4.1. Methodology

The character of the problem requires a tight appro-
ximation of complex faulted geology with discrete line
and point features, such as rivers and point water abstrac-
tions, where steep pressure and temperature gradients are
unavoidable. Therefore a finite element model was cho-
sen as the most appropriate. Programme FEFLOW
(Diersch, 2006) is capable of solving coupled groundwa-
ter flow, mass transfer and heat transfer problems in three
dimensional porous domains. Its powerful mesh genera-
tors enable to construct good quality triangular meshes
with inclusion of discrete finite elements representing
wells, faults, etc. The programme uses finite element ana-
lysis to solve the groundwater flow equation of both satu-
rated and unsaturated conditions as well as mass and heat
transport, including fluid density effects and chemical
kinetics for multi-component reaction systems.

3.4.1.1. Horizontal extent

The model area is outlined in accordance with the
TRANSENERGY project pilot area (Fig. 3.1). It encom-
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passes all important sedimentary structures of Neogene
age predominantly, in which majority of utilizable ther-
mal groundwaters are present. The model boundary was
demarcated in accordance with all hydrogeological know-
ledge, along well defined hydrogeological limits.

3.4.1.2. Vertical extent

From the top the model is limited by the topographical
surface, adopted from the digital elevation model SRTM.
To the depth the model extends down to -10,000 m a.s.1.

3.4.1.3. Horizontal resolution

Due to expected elevated hydraulic and thermal gra-
dients around fault zones, rivers and wells, the computing
mesh needed to be locally refined around these features.
Thus the generated mesh, consisting of triangular prisms,
counting up to 31,114 nodes per slice (in total 373,368),
forming 61,602 elements per layer (total 677,622).

3.4.1.4. Vertical resolution

The model adopted a geological model consisting of
8 hydrostratigraphic units:

* Quaternary - phreatic
Late Pannonian
Early Pannonian
Sarmatian
Badenian
Badenian volcanites
Cainozoic
Mesozoic, Palaeozoic and crystalline basement

Late Pannonian was further subdivided into two for-
mations: delta plain and delta front. For this purpose a
sequential indicator Kriging was performed upon borehole
data using GSLIB (Deutsch & Journel, 1998, Fig. 3.2).

Due to large thickness of the basement layer, it was
divided into 2 numerical sub-layers. To mimic the effect
of pre-sedimentation exposition of the uncovered bedrock
to weathering, a separate, 10 m thick layer with elevated
conductivity at the top was created. It is in accordance
with findings in several deeper boreholes reaching bed-
rock, where often intensively altered or karstified rocks of
several meters thickness were observed.

Due to unknown hydraulic function of regional faults,
it was impossible to explicitly define faults in the model.
They manifest themselves only in morphology of indi-
vidual model layers.

3.4.1.5. Flow boundary conditions

The outer limit of the model was chosen to follow
natural hydrogeological boundaries, defined either by
extent of thermal water bearing horizons or by groundwa-
ter divides. Thus, its setting as a no-flow boundary was
justifiable.

All across the top surface a Dirichlet boundary condi-
tion (constant groundwater head) was set (Fig. 3.4). The
purpose of it was to prescribe realistic groundwater
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ties of individual model layers, corresponding to hydros-
tratigraphic units, were estimated based on borehole tests
or data found in literature, regionalized and further ad-
justed in calibration process.

Quatemary sediments had been best investigated by
well tests, therefore in the topmost model layer hydraulic
conductivities correspond to measured values very closely.

In deeper Neogene sediments hydraulic conductivities
are estimated. In this environment, typical of strong inter-
changing of impervious clayey aquitards with permeable
sandy local aquifers, the enhanced flow along strata is
mimicked by a high degree of anisotropy in direction
perpendicular to bedding direction, up to three orders of
magnitude. Decrease of permeability and porosity with
depth was also accounted for.

Igneous, metamorphic and carbonate bedrocks have a
very low isotropic permeability and effective porosity,
also decreasing with depth. Exception is the few meters
thick upper part, which, prior to covering by younger
sediments, underwent weathering and sometimes karstifi-
cation, leaving behind higher porosity and permeability.

Although in real geological settings faults and fissures
often play a significant role in water movement as either
highly conducting zones or hydraulic barriers. However,
without a comprehensive and targeted research, their
function, if any, remains obscure. Therefore it seems jus-
tifiable, especially in sedimentary basins filled with clas-
tics, whose plasticity is able to seal any faults immedia-
tely, to exclude fault’s hydraulic features and take
account for only its juxtaposition.

Main heat transport parameters comprise volumetric
heat capacity and thermal conductivity of rock and water,
longitudinal and transversal thermal dispersivity, poros-
ity. Fortunately, good database of these values exists for
Neogene sediments and Mesozoic carbonates, too; for
numerical values see Tab. 3.1. Values for the rest of the
rock types present in the model were adopted from other
published data.

3.4.1.9. Calibration and validation of the model

Initial values of hydraulic parameters were stepwise
adjusted during multiple simulation runs to achieve best
match between measured and computed hydraulic pres-
sures at 149 measured points in the whole area. Resulting
simulated pressures are compared with the measured ones
in Figs. 3.7 and 3.8.

Since environmental groundwater heads measured at
boreholes use a column of water with a density influ-
enced by temperature and dissolved salts content that is
identical to that of the water that surrounds the well,
sensu Lusczynski (1961), they had to be converted into
freshwater equivalent heads for use in numerical simula-
tions. For this purpose groundwater heads in all boreholes
with known temperature distribution and TDS were re-
evaluated. This involved calculation of average thermal
gradient, from which average temperature in whole water
column was calculated. Together with weighted average
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of TDS, an average water density in a borehole was ob-
tained. Freshwater equivalent heads at reference tempera-
ture 10°C, TDS=0 mg.1"' and density of pure water
999.7281 kg.m” were then calculated using equation of
McCutcheon et al. (1993).

Calibration of geothermal parameters was based on 67
downhole temperature measurements. Great effort was
made to select data from measurements on closed, non-
operated boreholes only. However, due to missing infor-
mation and disturbances of pressure and temperature field
caused by drilling, this could not be guaranteed in many
cases, which adds some extra error into the calibration
results (Fig. 3.9).

Tab. 3.1 contains values of parameters, used in the pi-
lot area model. The values for different model layers are
coming from different sources: where possible, especially
in shallow parts of the model, direct assignment of statis-
tical means of individual parameters was applied. In the
rest of the model the parameter values were obtained
from inverse modelling or by guessing, based on pub-
lished data.

3.4.2. Results of regional modelling

Constructed regional model is simplified numerical
representation of hydrological and geothermal character-
istics of the pilot area and enables simulation of basic
features of the geothermal system.

3.4.2.1. Hydraulic head distribution

Distribution of hydraulic heads in the model depends
primarily on boundary conditions and spatial distribution
of hydraulic conductivities (Fig. 3.12). In the upper parts
hydraulic potentials are reflecting hydraulic heads set as
constants in Quaternary, in deeper horizons hydraulic
pressures are equilibrated, resulting in lower head differ-
ences.

3.4.2.2. Evaluating effects of thermal wells utilization

Simulation of theoretical infinite pumping of 112 ex-
isting operating geothermal wells, with total yield sum-
ming up to 219 Ls™', was performed to predict future evo-
lution of pressure and thermal field in the area and to help
identifying potential adverse impacts of extensive and
unsustainable thermal water over-abstraction. It also
serves as a base for calculation of transboundary induced
flows and energy transfer. The simulations were perfor-
med as steady flow and steady heat transport, practically
meaning that results show a hypothetical situation in infi-
nite future, if current amounts of water would be ex-
tracted. This, off course, is unrealistic, but results can
highlight potentially problematic places. For instance,
areas with very high pressure drop can indicate closed
geothermal structures. Similarly, boreholes where a high
temperature decrease is predicted should turn attention
towards possible future risk of cold front arrival and thus
shortening the production life of a site.
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Fig. 3.9 Comparison of temperature evolution in boreholes for two model scenarios: pre-utilization and steady pumping. Obvious is
systematic temperature decrease when pumping is functional, resulting from enhanced circulation of cold Quaternary waters into
deeper thermal aquifers causing shortening of travel times. Root mean square error (RMSE) for first scenario is 9.32 and 13.31 for

the latter
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Fig. 3.10 Comparison of different model set-ups on goodness of fit between computed and measured temperatures, example from the
monitoring well GPB-1 Bohelov. Best match was achieved for both scenarios, natural pre-utilization state and steady pumping, with
inclusion of radiogenic heat production
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Fig. 3.11 Comparison of different model set-ups on goodness of fit between computed and measured temperatures, example from the
monitoring well Di-1 Diakovce. Steady pumping scenario exhibits significant deviation from measured temperatures in upper
800 meters. It can be attributed to cooling by increased infiltration of cold Quaternary water induced by pumping
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Fig. 3.12 Distribution of computed hydraulic heads at the base of Late Pannonian (left) and base of Cainozoic (right), pre-utilization
state. Remember that pictures show values on whole model layer, while respective hydrostratigraphic units cover only central part of
the area. The same principle applies for all similar maps in this paper

Pumping thermal water from utilized wells in the area
is causing a decrease in hydraulic pressure in penetrated
geothermal aquifers, as well as adjacent aquitards and
basement rocks. The impact is emphasized in mountain-
ous areas in the southeast and northwest parts of the ba-
sin. Moreover, due to induced general decrease of tem-

peratures caused by enhanced circulation (see next chap-
ter), colder water with higher density is promoting pres-
sure increase in deeper parts of the Central Depression,
because groundwater head at the top is maintained at con-
stant level by recharge. These changes are visualized on
Figs. 3.13 a-d.
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The scenario analysed common use of geothermal en-  and heat simulations, was to test the proposed wells con-
ergy right at the state border by two geothermal doublets,  figuration and estimate operating life-time of the system
organized in a tight 2 by 2 diagonal cluster. The main by prediction of thermal breakthrough.
goal of this study, performed by transient coupled flow
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Fig. 3.15. Difference in temperature between the pre-utilization state and the steady pumping scenario. a) Basement of Late Panno-
nian; b) Example of temperature decrease around production wells in Hungary, partial cut out of sedimentary fillings. Wells loca-
tions are indicated by red cylinders
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Fig. 3.16 Vertical projection of 3D flow paths towards thermal wells with travel time [years]
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Fig. 3.17 Transboundary flow within Pre-Quaternary rock formations among Hungary, Slovakia and Austria

quantified for two model scenarios
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3.4.2.4. Potential installations scenarios

The aim of the numerical modelling was to investi-
gate impacts of additional geothermal installations on
thermal and pressure conditions in the Late Pannonian
geothermal aquifer of the Danube Basin, together with
evaluation of geothermal resources that can be potentially
harvested by the respective means. The modelling com-
prises steady state 3D groundwater flow and heat trans-
port simulations, i.e. running for infinity and assuming

recharge-open structures. Two scenarios are compared —
extraction of geothermal energy by means of geothermal
doublets and direct use of thermal groundwater by pump-
ing. The results of the two scenarios are compared.

The area where new hypothetical well installations
were emplaced is the area of the Late Pannonian geo-
thermal aquifer, which extent was defined by recoverable
heat in place (identified resources), with temperature of
water over 30 °C (Fig. 3.20).
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Fig. 3.20 Extent of the Late Pannonian geothermal play with hypothetical doublets (red triangles — suggested pumping wells; blue
triangles — suggested reinjection boreholes). Colour indicates identified geothermal resources (MW)

Steady state simulation with additional 21 geothermal
doublets revealed a significant effectiveness of the thermal
energy harvesting (Fig. 3.21). It also showed that in some
areas a potential for additional installations still remains.

Utilization of pumping wells without re-injection
shows significant cooling of the area in broader vicinity
of the wells (Fig. 3.22). Comparing to the doublet sce-
nario, the temperature decrease is much more striking.

While temperature effects show generally similar pat-
tern in both models, the two scenarios differ more signifi-
cantly when it comes to hydraulics, especially groundwa-
ter pressure. As in the doublets scenario the extracted
water is returned into the same aquifer and the negative
pressure changes are compensated by the increasing
groundwater head near the reinjection wells, these chan-
ges are limited only to the relatively close vicinity of the
wells (Fig. 3.23).

This picture is radically different from the scenario
without re-injection (Fig. 3.24), where pressure drop af-
fects the entire aquifer, with magnitude increasing to-
wards the basin centre. In large areas the groundwater
head drops over more than 100 meters, which would sig-
nificantly affect technical limits of pumping, not only at
new wells, but also at existing ones.

By analysing the energetic balance of the models, the
energetic impact of the two scenarios was also studied. In
the scenario with re-injection, 55.46 MW of potential
sustainable geothermal energy to be used was identified.
For the scenario without reinjection, the calculated ther-
mal power is higher, 82.32 MW, due to lower reference
temperature, comparing to the return temperature of dou-
blets: 30 °C. However the real energetic use would be
much lower, since this number assumes extraction of all
energy stored in the water by cooling it to the ambient
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based on previous surveys and research in the studied
locality or in the surrounding area. In the case of Pre-
Mesozoic rocks, the value was set so that the environ-
ment met the condition of hydrogeological isolator.

Tab. 3.2 Hydraulic parameters of rocks

Lagee Conductivity (m.s™)

X Y z
Quaternary sediments 1.05*10* 1.05*10™ 1.05*10°
Tertiary sediments 4.00%10° 4.00%10° 4.00%10°
Mesozoic rocks 4.00%107 4.00%107 4.00%10°
Crystalline rocks 1.055*10° 1.055*10° | 1.055%107'°

.
A
C

'
B
D

Similarly there were defined the parameters relevant
for the transport of heat. These values are shown in Fig.
3.29 and in Tab. 3.3. In this case, values were also based
on previous studies and on the results of the steady
flow/steady heat transport model calibration.

The values of porosity in the direction from the sur-
face gradually decrease from values 0.275 to 0.003. Like
the porosity, values of the volumetric heat capacity of
solid also decrease. Overall, the values range from
3.42%10° to 2.4*10° Jm K. The opposite character of
values has the parameter of thermal conductivity of solid,
which ranges from 1.0 in the Quaternary sediments to 3.0
Jm's'K™" in the crystalline rocks.

Fig. 3.27 Vertical stratification of the model (A — Quaternary sediments; B — Tertiary sediments; C — limestones and dolomites —

geothermal aquifer; D — Crystalline — impermeable bedrock)

3.4.4.3. Boundary conditions

Boundary conditions determine the processes occur-
ring at the edges of a model, and as such are crucial for
any flow and heat transport simulations. For the steady-
state modelling of the groundwater flow a static ground-
water level was set in the top layer - the fresh water (Qua-
ternary) aquifer. Absolute values of hydraulic potential in
the first aquifer were imported from the results of accom-
plished regional modelling.

Boundary conditions for heat transport were set in a
similar manner. Their distribution is shown in Fig. 3.29.

On the surface of the model a constant temperature
boundary condition was set out, which is based on the
long-term mean annual air temperature, which for the
modelled area reaches 10 °C. At the bottom of the model
at a depth of -10 km below the surface a constant heat-
flux type boundary condition was set out. Heat flux
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Tab. 3.3 Material parameters of rocks for heat transport modelling
Volumetric heat Heat conductivity
Layer Porosity capacity of solid of solid
J.m™ K" Jm™s' K™Y
Quaternary sediments 0.275 3.42*%10° 1.0
Tertiary sediments 0.05-0.11 2.80*10° 1.0
Mesozoic rocks 0.1-0.03 2.60*10° 25
Crystalline rocks 0.01 - 0.003 2.4*10° 3.0

of cooled water in geothermal collector in the direction
from the injection wells to pumping wells was observed.

The results of this simulation are shown in Fig. 3.30.
The visualization shows streamlines in the Slovak part of
the geothermal water use system, while pathlines from
wells on Hungarian side are not displayed. It displays the
range of flow pathlines in direction from injection well to
pumping well after 35 years, what is the expected lifetime
of system for geothermal water use. It is obvious that dur-
ing the system lifetime the cooled water does not reach
the pumping system.

Cross-sectional view of the cooled water injection
impact is shown in Fig. 3.31. Individual images show the
effect of cooled water injection into the geothermal struc-
ture at time steps 0, 20,000, 60,000, 100,000 and 200,000
days of continuous pumping and injection of 50 L.s™ wa-
ter from individual wells. In this picture the progress of
cooled water transport between wells can be seen.

Similarly, this progress shows Fig. 3.32, which dis-
plays the water temperature changes at the base of car-
bonate collector. From this visualization is evident that
the same character of heat transport is also within the
Hungarian part of the geothermal system.

Figure 3.34 shows results of heat transport modelling
at different rates of pumped and injected water after 35
years.

The results of these simulations prove that while using
the projected system the cooled and re-injected water
does not arrive into pumping wells. This result is identi-
cal for all simulated rates of pumped and re-injected wa-
ter. From Fig. 3.35, it is clear that the re-injected water
only begins to influence the temperature in pumping
wells after not less than 100 years of continuous use. This
result demonstrates that the evaluated structure is theo-
retically suitable for utilization of heat by means of ther-
mal water re-injection.

Fig. 3.30 Visualization of flow pathlines; white lines — long-term pathlines of water from Slovak-side injection well to pumping well;
colour — travel time along pathline [days] 35 years after the operation start

3.4.4.6. Long-term impacts evaluation

Lastly, a thermal recovery of the structure was inves-
tigated, meaning that the time needed to return groundwa-
ter and rock matrix temperatures back to its pre-utili-

zation state was questioned. To find the answer, a model
was set up, in which starting water temperature and pres-
sure conditions were the result of previous 35-years long
utilization of a doublet system with the pumping/re-
injecting rate of 35 ls™'. After 35 years the wells are





















