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1 INTRODUCTION

The aim of the Transenergy project is to suppathithrmonized thermal water and geothermal
energy utilization in the western part of the Pamao Basin and its adjacent basins (e.qg.
Vienna Basin), which are situated in the transbampdzone of Austria, Hungary, Slovak
Republic and Slovenia.

During the day to day day management of thermaemsystems, a tool is needed to provide
the decision makers with information about the fettesponses of the system to the effects of
various interactions, as well as about availabldrbgeothermal resources. This tool can be
based on the results of different models. Theseetsog@issure a sustainable and harmonized
utilization and management of the geothermal regime

To provide an overview on the large-scale hydroggichl processes of geothermal systems
and the connection among the main groundwater bpdiesupra-regional hydrogeological

model was developed (Toth et al. 2012). It was dbasea harmonized 3D geological model

(Maros et al. 2012). Applying the results of thelggical and hydrogeological model a supra-
reginal geothermal model was constructed (Goetdl &013). As a synthesis, based on the
results of different types of models the geotherneakervoirs of the entire project area were
outlined and characterized (Rotar-Szalkai et al220

Focusing on local transboundary problems and tihefailed geothermal characteristics five
pilot area models were constructed. Pilot areagepresentative ,hot spot” regions along the
borders (thermal karst of Komarno-Sturovo area GK); Pannonian Central Depression of
the Danube basin (A-SK-HU), Lutzmannsburg — ZsmsagA-HU), Vienna basin (SK-A) and
Bad Radkersburg- HodoS area (A-SLO-HU). These regiwere selected because of their
extrem sensitivity for any further intervention ldifferent management policies in the
neighboring countries. The pilot models took intmsideration the experiences and results of
the supra-regional models.

As a fist step of the pilot modelling based on daiied 3D geological model a coupled
groundwater flow and heat transport model were ldgeel. This coupled model emphasizes
the importance both of heat conduction and advedtiggeothermal systems.

From a methodological point of view groundwater lbdg can be subdivided into flow and
transport modelling. Flow modelling deals with thevement of water, whereas transport
modelling is concerned with the distribution andyration of solutes or heat in the subsurface.
In the literature the term coupling refers to theiagion in which flow and transport are
mutually connected. While there is always a lirkrflow to transport, the link from transport
to flow is given if fluid properties, density angseosity, are affected by the transport variable.
In practice salinity or temperature are such véemlihat affect fluid properties. Therefore
coupled models provide more reliable informationwtgeothermal systems.

Steady-state models show the quantitative statubeofnajor thermal water budget. Thermal
modeling contents heat base calculation and a fa@we status assessment of the pilot
regions. The summary of the steady state modeRugaf-Szalkai et al. 2013a) report contains
the basic technical information about the modefimethods and the most important results. The
results shows the present state of the geotheraesarvoirs (geological layout, groundwater
heads, velocities and ma-jor path lines, therma eold water budgets, exchange at state
borders, etc.). It helps in better understanding tbé geological, hydrogeological,
hydrogeochemical, and thermal characteristic araduéen of the thermal waters of the pilot
regions.



Next step of pilot modelling simulations for difeat heat and thermal water extraction
scenarios and different utilization shemes wereréxead.

This report contains the results of scenario madgbf the pilot areas. It provides information

about the possible limitations in thermal watelitytand the need of protection, and describes
the geothermal exploitation capacity of the regibhe results mirror the rate of renewing of

geothermics (in terms of water quantity, heat, hytlc pressures, etc.) and the time period
required for it. The report provides the best pcacof sustainable heat and thermal water
extraction, based on dynamic simulations.

The results of scenario modelling supply the basithe pilot area thematics of the interactive
project web-portal. Final results and consideraisnpport the transboundary management
proposals.

2 STRATEGY OF SCENARIO MODELLING

In scenario modelling common approach was appbe@#éch pilot area. Principles of scenario

modelling were harmonized, and this same outlosklte similar model scenarios, which were

applied for the particularity of the pilot areasuring development the same modelling methods
and softwares were applied.

Furthermore answering common thermal water andrtakeenergy management questions,
special model solutions were applied to investigatigue transboundary problems of the pilot
areas.

2.1 The common principles in harmonization of model scenarios

The aim of the present modelling work was to unieic and characterize the natural hydro-
geothermal system of the study areas, to investitieg future effects of existing geothermal
water extractions, and to make predictions on diffeextraction scenarios.

To foresee effects of new geothermal installations different geothermal utilization shemes
were applied. Because sustainable use of thernmalngwaters is promoted in all partner
countries, primerly scenario tested for additiohaht harvesting by means of geothermal
doublets. But due to technical limits of water jeation in porous environment and
differenncies between the legislation of the parteeuntries, traditional direct use of
geothermal energy by means of single exploitatietismas investigated too.

Common simultaneous geothermal energy use of thee dsansboundary reservoir by the
neighbouring countries — directly at the state bord- by means of two geothermal doublets
were examined where it were relevant for the @leta. The aim of these scenario analyses was
to test the proposed well configurations, hydrodiital interactions and estimate operating life
of the system by prediction of thermal breakthraugh

The modelling methods were the same in each pits.al'he steady-state model provided the
basis of the scenario model. The model geometmarnpeters and boundary conditions of the
steady state model were applied.

Furthermore harmonized assessment of possible eremthresources was carried out each of
the pilot area, which allows the comparison betwiberdifferent geothermal reservoirs.
Estimation of geothermal resources in the modelsavgere undertaken to identify potential
geothermal resources included the calculation ®folowing:

* Heat In Place(HIP): The Heat in Place represents the theolgticvailable heat

content by cooling down the entire rock volume afeaervoir to a defined reference
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temperature. In reality it is not technically fdasito extract the entire HIP from a rock
volume.

* Inferred Geothermal Resource (IR): An Inferred Geothermal Resource is the
theoretical extractable amount of heat assuminglléipte well scheme. It is that part of
a Geothermal Resource for which recoverable theenalgy can be estimated only
with a low level of confidence.

« Measured Geothermal Resour@dR): A Measured Geothermal Resource is the fart o
a geothermal resource, which has been demonstreteexist through direct
measurements that indicate at least the reseemiperature, reservoir volume and well
deliverability, so that the recoverable thermalrggecan be estimated with a high level
of confidence

2.2 Applied software

The three-dimensional (3D) models were developadgusEFLOW 6.1 (Diersch, 2006).
FEFLOW (Finite Element subsurface FLOW system) is a coempptogram for simulating
groundwater flow, mass transfer and heat transfggorous media. The program uses finite
element analysis to solve the groundwater flow #gnaof both saturated and unsaturated
conditions, as well as mass and heat transporiidimgy fluid density effects and chemical
kinetics for multi-component reaction systems. FEML is a finite-element package for
simulating 3D and 2D fluid density-coupled flow, ntaminant mass (salinity) and heat
transport in the subsurface. It can handle comgémmetric and parametric situations.

The package is fully graphics-based and interactfee-, main- and post-processing are
integrated. There is a data interface to GIS armqmfogramming interface. The implemented
numerical features allow the solution of large peats. Adaptive techniques are incorporated.

2.3 Specialities of the pilot models

Although we applied the same approach in the modiels to specific features of each pilot
area special model solutions were applied to ingat& unique transboundary problems, which
are not relevant for all pilot regions. The speted of the pilot areas derived from the
different geological-hydrogeological conditions.€fimal karst systems, crystalline basement
geothermal reservoirs and porous environment bathbe found in the different regions. Due
to distinct thermal water utilizations other softt@nsboundary problems and thermal water
management questins occur in the areas. Theseediffes couse several different modelling
technics in detailed.

Distinctly from other pilot areas there are no reageothermal utilization in the Vienna Basin.
Therefore scenario model focus omalyses of the hydraulic influence of fault systeamsl the
geometrical shape of the reservoir on the couplatiaulic and thermal conditions of different
doublet-use scenarios, represented by differeatilmts and operational settings.

Due to intense hydrocarbon exploitation in the Vi@rBasin the possibility to use the same
reservoirs by thermal water users and hydrocarbduastry was studied.

Thermal water utilization is possible only for bedmogical purpose in the Lutzmannsburg-
Zsira transboundary region, hence more scenarialsvdth the possible hydraulic connections
and interactions resulting due to increase extrasti
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3 RESULTS OF THE COUPLED GROUNDWATER FLOW AND HEAT
TRANSPORT MODELS

3.1 Lutzmannsburg Zsira model area

The Zsira-Lutzmannsburg pilot area of the TRANSENXERproject is situated at the border

between Hungary and Austria. Several thermal spasoperated in the region within a

relatively short distance from each other. Theafté# thermal water withdrawals on hydraulic

heads has been observed in both countries. Thetefé groundwater extraction, the relation

between the three identified reservoirs (Upper Barmam, Miocene, and basement reservoirs)
and the recharge and thermal conditions of thessrveirs required further clarification.

3.1.1 Model objectives

The aim of the present modelling work was to untdews and characterise the natural hydro-
geothermal system of the study area, to investitjaeeffects of existing geothermal water
extractions, and to make predictions on differeditaetion scenarios. To achieve these goals,
the modelling study included the following stages:
* Natural state modelling to understand the functigrof the natural geothermal system
and to calibrate numerical model (Kovacs and R8t#alkai, 2013a);
» Simulation of current groundwater extractions tdenstand reservoir response and
hydraulic interference between extractions bores;
* Scenario modelling to investigate different exti@tiscenarios and to provide
predictions of future reservoir conditions.

The conceptual model, the numerical model setugh,natural state model results are presented
in Kovacs and Rotar-Szalkai (2013a).

3.1.2 Modelling methodology

The simulation of current conditions and predictseenarios (Kovacs and Rotar-Szalkai
2013b) was based on the calibrated natural stadein&cenario modelling comprised the
simulation of hypothetic extraction rates at valmsations to simulate future groundwater and
geothermal conditions. The aim of scenario modghlas:

« To separate the influence of different existingudwater extractions

« To provide prediction of possible groundwater drawd rates

The calibration of model parameters was refinecethasn extraction data and groundwater
monitoring data. In the production model, knownuwgrdwater extractions were assigned to the
relevant model layers as well boundary conditignisteady sate assumption was applied in all
model scenarios except for the bore doublet scensimulated as part of the scenario
modelling.

To investigate the influence of different extraatigroups on regional drawdown, extraction
bores in different reservoirs and different geograpocations were “switched off' Stenarios
1-6).

To investigate the possible effects of increasirmgdwater utilisation, a twofold increase of
extraction rates at each extraction bore was asdigmthe modelScenario 7).

Simulation of a bore doublet was included in scienauodelling to investigate the applicability
of extraction-reinjection systems in the study g&snario 8)
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The scenario modelling involved the following modeénarios:
* No groundwater extractions at Biik (Scenario 1);

e No groundwater extractions at Lutzmannsburg (Scenario 2);

* No groundwater extractions at Bik or Lutzmannsburg (Scenario 3);

¢ No groundwater extractions in the upper-Pannonian aquifer (Scenario 4);

¢ No groundwater extractions in the Hungarian part of the pilot area (Scenario 5);

e No groundwater extractions in the Austrian part of the study area (Scenario 6);

e All Groundwater extractions doubled compared to existing discharge rates (Scenario 7);
e Bore doublet (Scenario 8).

The geothermal model of the study area was baseitheogalibrated hydraulic model. Heat
transport component was coupled with the hydraoficdel to simulate convective and
conductive heat transfer.

3.1.3 Results of the Lutzmannsburg-Zsira scenario models

3.1.3.INatural state

Results of the natural state modelling are desdribehe pilot area report (Kovacs et al 2013).
The coupled groundwater flow and heat transport ehoprovided three-dimensional
information on the following:

» Hydraulic head distribution

» Groundwater fluxes

* Temperature distribution

The simulated groundwater table contours and piot@etric plots are shown in Figure 1 to
Figure 5.
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Figure 1. Simulated water table elevation.
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Figure 2. Simulated hydraulic head distribution in the Sar mathian layers (slice 8).

The simulated groundwater head distribution andutated flux distribution indicate that the
dominant flow direction within the model domainfiem west towards the north-east, east and
south-east. The flow field follows a semi-radiaktpen. The main inflow area is along the
western model boundary, where the regional floiesysfeeds the modelled domain. Outflow
occurs along the south-eastern (Marcal Valley) aodh-eastern model boundaries. The
Marcal Valley represents the regional discharga,amhile the north-eastern side of the model
is a cross-flow area. Surface infiltration représeapproximately 97% of groundwater
recharge, while the rest arrives as groundwatéovunfrom the west. The water budget of the
area is indicated in Table 1.

Table 1. Simulated water budget.

Boundary In (m3/d) Out (m3/d)
Prescribed head 4,180 181,055
Infiltration 176,875 N/A

The simulated temperature distribution at differ@gpths is shown in Figure 3 and Figure 4. A
vertical NW-SE profile of simulated temperaturesh®wn in Figure 5.

The coupling of the hydraulic and heat transpordet® made it possible to calculate a 3D

temperature distribution over the study area. Tiheulated temperature distribution indicates

little vertical variations of temperature withinetupper-Pannonian sediments, and gradually
increasing temperatures within older sedimentstaedractured basement.

14



Fgure 3. Simulated temperature distribution at -1000 mASL.

Figure 4. Simulated temperature distributioat -2500 mASL.
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Figure 5. Simulated NW-SE temperature profile.

3.1.3.2Current production

The simulation of the production scenario inclu@gddknown groundwater extractions within
the model area. The majority (53%) of groundwatdraetions takes place within the upper-
pannonian aquifer. 9% of total extractions occenfrthe Quaternay aquifer, while 3.5% is
extracted from the Sarmathian reservoir. Devon@edextract 1.5% of the total rates.

For visualisation purposes, the water table angbtitentiometric surface within the Sarmathian
reservoir were plotted. While the water table igresentative of the head distribution in the
upper part of the system, head distribution witthie Sarmathian approximates the hydraulic
conditions within the lower-Miocene - Devonian nes# system. The simulated production

scenario water table is indicated in Figure 6. Satea potentiometric surface within the

Sarmathian reservoir is indicated in Figure 7.

The difference between water table elevation amttdufic head distributions at depth indicates
the dominant flow regime obtained from model simiales. Figure 8 indicates the zones of
dominantly downward flow areas (recharge zones) dodhinantly upward flow areas
(discharge areas). As expected, topographic higihesent the main recharge zones within the
study area, while lowlands function as dischargasincluding the Marcal and Répce valleys.

Drawdown distributions compared to natural statedaons were also plotted for the above
hydrostratigraphic units. The simulated drawdowstributions are provided in Figure 9-Figure
10.
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Figure 6. Simulated water table - Production state.
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Figure 8. Simulated flow regimes. Gray areas indicate downw  ard flow (recharge areas), while
black areas represent upward flow (discharge areas)
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Figure 9. Simulated drawdown, water table aquifer.
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Figure 10. Simulated drawdown, Sarmathian reservoir.

Model simulations indicate that regional groundwatble drawdown varys between 1-15
metres in response to groundwater extraction. &tgest drawdowns exists in the western side
of the model domain resulting from the depressioresource bores located in Austria.

The depressurisation of pre-neogene aquifers gineagies between 2-12 metres. The largest
pressure drop is simulated to exist around the Riraction bores. A significant
depressurisation is observed around the Lockendrtecdon bore.

The simulated production state water budget iscated in Figure 2.
Table 2. Simulated water budget.

Boundary In (m3/d) Out (m3/d)
Prescribed head 4,725 140,805
Infiltration 176,875 N/A
Extraction bores N/A 40,795

3.1.3.2.1.1 The Zsira-Lutzmannsburg system (Scenarios 1-6)

The Zsira-Lutzmannsburg system comprises the fatigwomponents:

* Two extraction bores at Bik: Buk K-4 and Buk K-IL&ract groundwater from the
Devonian Biik dolomite at a total rate of 1500°dmy. Extraction of thermal
groundwater started in 1962 at a rate of 200day and was gradually increased over
the following years to the current extraction rafée temperature of the outflowing
water is 58 C.
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* Two extraction bores at Lutzmannsburg: Thermalrd &hermal -2 started operation in
1994 at an extraction rate of 430 m3/day. Thesedare screened within the Karpatian
sediments, and are operated alternately.

* An observation bore at Zsira: Zst-1 is screenedhiwithe Karpatian sediments, and is
located in between the Zsira and the Lutzmannskutraction bores, thus providing
information ion the combined effects of these esttoms.

The stratigraphic setup of he local system is showa cross section in Figure 11. The figure
indicates, that the Devonian dolomite block is ip#lst overlain by Karpatian sediments in the
west, and Badenian sediments in the East. Thikasconsequence of the pinching out of
Karpatian sediments in the central area of the Da®body.

Karpathian Devonian Badenian

Lutzmannsburg Zst-1 Bitk K-4
Thermal-1and 2 and Kio

[ I

R

Figure 11. Local hydrostratigraphy of the Zsira-Lut ~ zmannsburg system (NW-SE cross section).

Since the beginning of groundwater extraction atahove locations, the following changes in
groundwater conditions were observed:

* A gradual increase in the concentration of mainewabmponents including Na, K,
HCO3, Cl and SO4 was observed in Buk K-4 and KFigure 12;
e A gradual pressure drop up to 15 metres was obdeénvésira Zst-1.

It was suspected, that the pressure drop obsenv2stil was caused by the depressurisation of
the BUk thermal bores. It was also assumed, tlaeasing salinity was the result of saline
water leakage from underlying or overlying resersol he exact source of saline groundwater
has not been identified. The goal of the modellstgdy with respect to the Zsira-
Lutzmannsburg system was to answer the followirgstans:

* What is the source of saline groundwater obsemeda Bik observation bores?

* Which extractions cause the depressurisation obdeiv the Zsira Zst-1 monitoring
bore?
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Figure 12 Concentration of main components in the Zsira ext  raction bores.

To answer the main questions concerning the Zsgitarhannsburg local system, the
production state model was utilised. In order teestigate the source of saline water, flow
directions were analysed in the vicinity of the Béraction bores. Piezometric plots along a
cross section including the Lutzmannsburg, ZsihBidk bores are provided in Figure 13. The
flow vectors in natural state and under currentdpotion conditions are indicated in Figure 14.

Figure 13. Piezometric cross-sections (NW-SE) acros s the Lutzmannsburg, Zsira and Buk bores
(a. natural state, b. production state).
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Figure 14. Flow vectors along NW-SE cross-sections across the Lutzmannsburg, Zsira and Buk
bores (a. natural state, b. production state).

The piezometric plots indicate significant depressdion both at the location of the Bik and
the Lutzmannsburg bores. The flow vectors indi¢h&ereversal of natural flow directions at
these locations. While the natural recharge ofttik dolomite is through overlying Karpatian
sediments from the west, the depressurisation eastls®e reversal of natural flow. As a
consequence, groundwater leaks into the devoniaerweir from the overlying Badenian
sediment located in the west and from the low-pefigy basement rocks underlying the Bik
dolomite. The production-induced leakage directiaresindicated in Figure 15 below.

Leakage from ' =1

® ! 1-_//- d— 1 L i e
=
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Figure 15. Groundwater leakage in response to produ  ction from the Biik dolomite block.

22



The analysis of water chemistry of the main resesvaround the Bk dolomite block indicates
that Badenian reservoirs contain high-salinity wsatevhich might alter groundwater
composition of the Buk dolomite through mixing pesses.

The piper plot of main reservoir water types intéctne gradual change in water chemistry of
the Buk dolomite between 1960 and 2005 (Figure T®)e plot clearly shows that the
increasing salinity originates from mixing with Badan reservoir waters.
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Figure 16.Piper plot of main reservoir waters in the pilotar  ea.

In order to separate the hydraulic influence ofedént water extractions and to determine the
sources of depressurisation observed in the Zstdl bore, the production state model was
applied. By »switching off« user groups, differattenarios could be investigated and the
hydraulic impact of extraction bores could be eatdd. The simulated scenarios included the
following:

1. No groundwater extractions at Biik;
No groundwater extractions at Lutzmannsburg;
No groundwater extractions at Biik or Lutzmannsburg;
No groundwater extractions in the upper-Pannonian aquifer;
No groundwater extractions in the Hungarian part of the pilot area;

o vk wnN

No groundwater extractions in the Austrian part of the study area;

The simulated drawdown rates are indicated in Tab&mulated depressurisations. below.
The calculated steady state drawdown contours rafieated in Figure 17-Figure 22. These
figures indicate the active extraction bores cqoaesling to each reservoir type. It was
assumed, that the lower Pannonian aquitard betas/ashydraulic barrier (The model results
disprove this assumption). For this reason, theroptline of the lower Pannonian strata is also
indicated in the drawdown plots.
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Figure 17. Simulated drawdown in the Sarmathian res  ervoir - Scenario 1.
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Figure 18. Simulated drawdown in the Sarmathian res  ervoir - Scenario 2.
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Figure 19. Simulated drawdown in the Sarmathian res  ervoir - Scenario 3.
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Figure 20. Simulated drawdown in the Sarmathian res  ervoir - Scenario 4.
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Figure 21. Simulated drawdown in the Sarmathian res  ervoir - Scenario 5.
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Figure 22. Simulated drawdown in the Sarmathian res  ervoir - Scenario 6.

The drawdown scenarios indicate the following:
» Both the Buk and Lutzmannsburg extractions contelio the drawdown observed in
Zst-1;
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» The upper Pannonian extractions also contributbaaepressurisation observed in Zst-
1. When the Buk and Lutzmannsburg bores are swdtdie an approximate 10 m
depressurisation remains in the borderzone area $hggests, that the lower
Pannonian aquitard is not an effective hydraulicieain the long term;

* The contribution of the Upper Pannonian and Quatgrnextractions located in
Hungary is comparable to that of the BUk and Lutansburg extractions. Both
extraction groups contribute to the depressurigalong the borderzone equally;

» The Sarmathian extraction bores located in Austiatribute to the depressurisation in
the border zone (especially the groundwater extmastat Lockenhaus);

* Both Austrian and Hungarian extractions contriltotéhe depressurisation in Zst-1; the
contribution of the Hungarian bores is slightlygar.

Table 3. Simulated depressurisations.

Simulated depressurisation (m)
Bore current | Scenario| Scenario| Scenario| Scenario| Scenario| Scenario
production 1 2 3 4 5 6
Zsira-1 15,3 10,6 14,1 9,6 9,7 51 11,2
"“Tthb 32,3 30,7 11,4 10,1 21,5 25,7 27,3
Buk K-4 59,9 9,4 59,0 9,1 51,5 3,1 56,8
BulkoK' 49,8 9,3 49,3 8,9 41,8 3,0 47,1

The above observations indicate that a harmonises$-doundary groundwater management is
essential for the successful optimisation of gravater and thermal water utilisation.

3.1.3.3Predictive scenarios

3.1.3.3.1 Increased production (Scenario 7)

In order to investigate the potential consequermdethe future stress on the geothermal and
groundwater systems of the pilot area, a twofoldréase in production rates has been
simulated. This included the increase of exispngductions (no additional production bores
were introduced) and the simulation of equilibripotentials. The simulated groundwater table
drawdown contours (compared to natural state)ratieated in Figure 23. The depressurisation
of the Sarmathian reservoir (compared to naturdhtey is indicated in
Figure 24.
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Figure 23.Simulated water table drawdown. Scenario 7 — increa  sed extraction rates .
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Figure 24.Simulated depressurisation in the Sarmathian reserv  oir. Scenario 7 — increased
extraction rates.

Simulation results predict a significant increasaevater table drawdown of up to 16 metres in
the border zone of the pilot area. While currentudated drawdown was around 10-12 metres,
the predicted drawdown in this area is around 2628es.
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Similarly, the current depressurisation of the Sehian reservoir of 12 metres simulated in the
border zone is predicted to increase to 30 metnesesponse of a twofold increase in

production rates.

Predictive model results suggest that the incredsextraction rates would put a significant

stress on the groundwater system.

3.1.3.3.2 Boredoublet (Scenario 8)

In order to investigate the thermal effects of jestion of geothermal heating water, a
geothermal bore doublet has been simulated. Scer@rincluded the simulation of an
extraction and a reinjection bore in the Easterndd&n dolomite block. This reservoir is
similar to the dolomite reservoir exploited by tBé&k extraction bores, but is hydraulically
independent and thus not affected by artificiaivitets. Similarly to the Blk extraction bores,
1500 m3/day extraction rate has been applied. @heesamount is reinjected in a bore located
approximately 500 metres apart. Using a consemapproach, the temperature drop is plotted
in Figure 25, assuming infinite operation time. g 26 shows the Steady-state drawdown
rates around a virtual bore doublet and Figure RGws the drowdawn around a virtual
extraction bore, when no reinjection is assumed.

Figure 25. Steady-state temperature drop around the reinject  ion bore of a virtual bore doublet
installed in the Eastern Buk dolomite block. Simula ted extraction rate is 1500 m3/day, reinjection
temperature is 20 C.

29



Figure 26. Steady-state drawdown rates around a virtual bore doublet installed in the Eastern Bk
dolomite block. Simulated extraction rate is 1500 m 3/day, reinjection temperature is 20 C.

Figure 27.Steady-state drawdown rates around a virtual extrac  tion bore installed in the Eastern
Buk dolomite block. No reinjection assumed. Simulat ed extraction rate is 1500 m */day.

According to the simulation results, the reinjeatlmre had a thermal influence in a circle of 4
km radius around the bore. The cooling effect dit extend far beyond the boundaries of the

30



dolomite block. Using a transient simulation, thertmal influence did not extend more than
500 metres around the reinjection bore within 2&y@f simulation time.

The simulated drawdown plots indicate, that theramtion bore had a steady state
depressurisation of up to 60 metres without retigac If reinjection is applied, the maximum
depressurisation rate around the extraction booppdid to 13 metres. At the same time, a
pressure increase of 7 m developed around thesctiof bore.

Based on the Scenario 8 simulation, it can be ¢tttat reinjection of the extracted fluids
significantly decreases the hydraulic impacts @ugdwater extraction. The cooling effect of
cold water reinjection had little influence of tkemperature distribution within 20 years of
simulation time, and has only a local impact oreresir temperatures in the case of long-term
utilisation.

3.2 Bad Radkersburg-Hodos model area

The Bad Radkersburg — HodoS pilot area is situatedg the national borders of Austria,
Slovenia and Hungary. There is a competition betwan existing thermal water user of the
Pre-Neogene basement aquifer in Bad Radkersburl dAd a developer in Korovci (Sl). The
latter plans to reinject part of the water whicHlwe used for heating, but the one used for
balneology will have to be treated on a purifyintgarp to prevent pollution of the
transboundary stream Kwica. The monitoring data on Austrian wells is agtilable, and
therefore the assessment of impact of Korovci te s$ite is uncertain. No quality or quantity
changes have been reported for thermal water abstrgfrom the Pre-Neogene basement
aquifer.

3.2.1 Model objectives

In 2008, a deep geothermal borehole was drillearovci (SI) (Kralji¢ 2008a and 2008b),
about 5,3 km away from the nearby spa resort inBadkersburg (A) where water is produced
from the same aquifer. The maximum projected prbdncate from the borehole Kor-agvill

not exceed 20 I/s (Lapanje et al. 2012). The ptegeatilization in Korovci caused concerns on
the Austrian side on a potential impact of produtin Korovci on wells in Bad Radkesburg.

The aim of the numerical modelling was to determihe potential impacts of different
utilization strategies in Korovci on the nearby tpomal wells in Bad Radkersburg. The
modelling was performed for the optimization ofiatition of these geothermal resources.

Major questions that were addressed are:
* What impact of abstraction in Korovci on thermaltergoroduction in Bad Radkersburg
can be expected?

* What would be the impact in case of implementatdrreinjection in a geothermal
doublet scheme in Korovci?

Different model set-ups and scenarios were impleéetkto answer the questions.

3.2.2 Modelling methodology

The main issue addressed in this study was assessinthe impact of planned utilisation of
geothermal energy in Korovci. For this purpose ades taking into account different
utilisation strategies and range of model parametkres were performed.
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Scenario modelling is based on the steady statemAdletailed model setup description can
be found in the report on the steady state modédg et al 2013a).

In the scenario model two different utilization stee were applied, single well without
reinjection and well doublet. The aim of the reatien scenarios was to determine the potential
cool-down effects of reinjection in well Kor-2g. @hemperature of reinjected water was set to
35 °C. The production (Kor-bj and reinjection (Kor-2g) zones are 700 m apafl. A
production scenarios were simulated for 50 yean®ge

Sensitivity analysis indicated that hydraulic coaiiluty is the model parameter that has the
largest impact on the model output. Therefore edéiit values of hydraulic conductivity in the
main aquifer in the Raba fault zone were testeayirey from 10-5 to 10-7 m/s, depending on
the scenario. In addition, aquifer thickness anecsig storage values were adjusted in each
scenario. In the reinjection scenarios also differealues of porosity, longitudinal and
transverse dispersivity were tested.

3.2.3 Results of the Bad Radkersburg-Hodos scenario models

3.2.3.1Abstraction in Korovci without reinjection scenagio

For the purpose of determining the effects of péghproduction in Korovci on other wells, 8
different scenarios without reinjection have beerdailoped (Table 4). In order to incorporate
uncertainty, related to defined parameter valuemges of parameters values were
implemented. Table 5 shows the computed drawdatven 80 years in production in Korovci
for all scenarios.

Table 4. Scenarios for abstraction in Korovci (without reinjection).

Hydraulic Aquifer - .
Scenario cor):ductivity thi?:kness ?t% er;glg Prr;)tdeuE}lS?n

of RF [m/s] [m]
1 1x10° 70 1x10" 20
2 1x10° 150 1x1¢ 20
3 1x10° 300 1x1¢ 20
4 1x10° 150 5x10° 20
5 1x10° 150 1x10 20
6 1x10’ 150 1x10 20
7 1x10° 150 1x10 20
8 1x10° 150 1x10 40

Table 5. Computed drawdown after 50 years in produc  tion in Korovci for all scenarios.

Computed | Computed
Scenario drawdown | drawdown
Kor-1ga Kor-2g [m]
[m]
1 14.5 5.0
2 14.5 5.0
3 13.5 4.7
4 14.5 5.0
5 14.5 5.0
6 15 5.2
7 11 4.5
8 30 9.3
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For the initial conditions computed hydraulic heafter 30 years of thermal water production
in Bad Radkersburg were used. This way, presetd sfahe aquifer and head distribution was
approximated. All production scenarios were sineddbr 50 years period.

Figure 28 and Figure 29 show the computed heads & years of production (without
reinjection) in Korovci. The constant productionteras set to 20 I/s in all scenarios except
scenario 8, where it is set to 40 I/s. It is anreaxie abstraction rate which is used to show
sensitivity of the model to abstraction rate. lersario 7, hydraulic conductivity in Raba fault
zone was set to higher value.

Scenarios 1 to 6 produce similar results (Figured=Bire 35. The computed drawdown in
scenario 7 is lower than in other scenarios, bet éffects extend further away from the
production borehole Kor-bg(Figure 36).

Effects of the production in Korovci are detectedBad Radkersburg only in scenarios 7 and 8,
whereas the effects in Benedikt are not seen irpétlye scenarios (Figure 37).

Based on sensitivity analysis hydraulic conductiahd specific storage were found the most
sensitive parameters of the model.

Modelled drawdown in borehole Kor-1go

180,00

170,00

165,00 ——Scenarlo 1

——Scenario 2
= Seenario 3

—Scenario 4

Drawdowen [m]
&
=

—Srenario 3

——Scenarlo 6

8

Scenario 7
Scenario 8
150,00

2000 4000 6000 B000 10000 12000 14000 16000 18000 20000

Elapeed time (days)

Figure 28 Modelled hydraulic heads in borehole Korel&imulation time 50 years.
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Modelled drawdown in borehole Kor-2g
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Figure 29. Modelled hydraulic heads in borehole-Bgr Simulation time 50 years.

Figure 30 shows the computed drawdown for

sceraafier 50 years of simulation. It shows

no impact after 50 years of production on the Badikersburg wells. The drawdown in the
production borehole Kor-gafter 50 years of production is 14.5 m.

——

Scenario 1 - drawdown after 50 years I A
n

Ve Yad r{:z’ma

Tieschen

Mackovci

Deutsch
Goritz

89

¥ Bodonci

Halbenr

& am Aigén A
rf : Gornji
,ch Rogasovci Grag Petrovei

N

Apace Rad 3/3aRad-2
et “Gémja
Velka \
SLO RadgRe Murska
Sobota
Radenci 2y I
7 Upove
Hedb E{akovu
Benediki J Beltin
Lenartv 0 _/Em Izakovei
k““_“_%h‘.’_s‘?f_‘_gﬂca_h ol Krizevei pri
0 225 45 9 km P
bt o Loa 1 2 ) “"‘-'-.-v’r’ LJUtomem
Legend
®  Extraction well drawdown (m)
[ oot area N R )
1}"“ \b-_\"\n'\' o ColE S S A N Q_y.\

Figure 30. Scenario 1 — computed drawdown afteyezis

of production in Korovci (without reinjectjon

Figure 31 shows the computed drawdown for scen2rafter 50 years of simulation. The
drawdown does not reach the Bad Radkersburg wellsis case after 50 years of production.
The drawdown in the production borehole Kok Xdter 50 years of production is 14.5 m.
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Figure 31. Scenario 2 — computed drawdown afteyezlds of production in Korovci (without reinjectjon

Figure 32 shows the computed drawdown for scen@rafter 50 years of simulation. The
drawdown does not reach the Bad Radkersburg wellsis case after 50 years of production.
The drawdown in the production borehole Kok Xdter 50 years of production is 13.5 m.
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Figure 32. Scenario 3 — computed drawdown afteyez®s of production in Korovci (without reinjectjon

Figure 33 shows the computed drawdown for scendradter 50 years of simulation. The
drawdown does not reach the Bad Radkersburg wellsis case after 50 years of production.
The drawdown in the production borehole Kok Xdter 50 years of production is 14.5 m.
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Figure 33. Scenario 4 — computed drawdown afteyez®s of production in Korovci (without reinjectjon

Figure 34 shows the computed drawdown for scerfaradter 50 years of simulation. The
drawdown does not reach the Bad Radkersburg wellsis case after 50 years of production.
The drawdown in the production borehole Kot EHf years of production is 14.5 m after.
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Figure 34. Scenario 5 — computed drawdown afteyez0ds of production in Korovci (without reinjectjon

36



Figure 35 shows the computed drawdown for scer@radter 50 years of simulation. The
drawdown does not reach the Bad Radkersburg wellsis case after 50 years of production.
The drawdown in the production borehole Koktygars of production is 15 m after 50 years.
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Figure 35. Scenario 6 — computed drawdown afteyezds of production in Korovci (without reinjectjon

Figure 36 shows the computed drawdown for scenarafter 50 years of simulation. The
drawdown in the production borehole Korelig 11 m and reaches Bad Radkersburg.
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Figure 36. Scenario 7 — computed drawdown afteyez®s of production in Korovci (without reinjectjon
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Figure 37 shows the computed drawdown for scer@rafter 50 years of simulation. The
drawdown in the production borehole Korelg 30 m. The effects of production in Korovci
reach the Bad Radkersburg boreholes in this case.
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Figure 37. Scenario 8 — computed drawdown afteyezds of production in Korovci (without reinjectjon
3.2.3.2Reinjection scenarios

The aim of the reinjection scenarios was to determi  ne the potential cool-down effects of
reinjection in well Kor-2g. The temperature of rein  jected water was set to 35 C. The production
(Kor-1g a) and reinjection (Kor-2g) zones are 700 m apart. S  cenarios developed for this purpose
are listed in Table 6 Modelled temperature decrease in production boreh  ole Kor-1g a are shown
in
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Table 7.

Table 6. Reinjection scenarios in Korovci.

Hydraulic

. Longitudinal | Transverse - Reinjection | Simulation
Scenario . - . o conductivity )

dispersivity | dispersivity [m/s] rate [I/s] | time [days]

1 5 0.5 1x10 20 365000

2 50 5 1x10 20 365000

3 150 15 1x10 20 365000

4 150 15 1x10 20 36500

5 150 15 1x10 40 36500
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Table 7. Modelled temperature decrease in produtt@yehole Kor-1g for all scenarios.

Temperature
decrease [°C]
1 0.3

2 0.3
3 0.6
4 0.6
5 3.9

Scenario

Three additional numerical observation points wagtded. Those are shown in Figure 38.

Figure 38. Observation points in reinjection scasrd — reinjection borehole Kor-2g, 1 and 2 — puoal
observation points, 3 — observation point set éengroduction borehole Kor-#g

Figure 39 to Figure 44 show the effects of thejeeited water in the observation points for the
first 3 scenarios. The effects reach the produdtimehole in roughly 500 years (180000 days).
However, the temperature decrease after 1000 y#assnulation is very low and does not
exceed 1 °C in any of those scenarios.
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Figure 39. Modelled temperature decrease in ob8envpoint 1 — scenarios 1, 2 and 3.
™~
~
T~ \\_‘h\‘u
\‘ =
u
<
™~ - ~—
™ N
™~ g
0 g
~l —
—
= = T Scenario 1
~ Scenario 2
Scenario 3
0 50000 100000 150000 200000 250000 300000 350000 400000

Elapsed time (days)

Figure 40. Modelled temperature decrease in ob8envpoint 2 — scenarios 1, 2 and 3.
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Figure 41. Modelled temperature decrease in obsenvpoint 3 (production borehole) — scenarios and 3.
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Figure 42. Scenario 1 — modelled temperature dseread extend of the thermal plume after 1000 yefrs
reinjection in Korovci.
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reinjection in Korovci.
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Figure 45-Figure 47 show the temperature decraaseanarios 4 and 5. In those scenarios
conductivity values have been set to higher vahiels x 10° m/s. After the simulation time of
100 years effects of reinjected water are deteictddde production borehole in both cases. In
scenario 4, the decrease is very small (less thd®) nd occurs after 50 years of simulation.
In the case of scenario 5, the reinjection rate deagled to 40 I/s. The temperature decrease in
the production borehole is detected in less thany@frs of reinjection. The temperature
decrease after 100 years of simulation is arouffd. 4
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Figure 45. Modelled temperature decrease in ob8envpoint 1 — scenarios 4 and 5.
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Figure 46. Modelled temperature decrease in ob8envpoint 2 — scenarios 4 and 5.
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Figure 47. Modelled temperature decrease in obsSernvpoint 3 (production borehole) — scenarios ¢ &n

Figure 48 shows extend of the thermal plume af@€r ylears of simulation for the scenario 4.
Temperature decrease in the production borehole doeexceed 1 °(Rigure 49 shows the
Modelled hydraulic head changes for geothermal Bkuim Korovci after 100 years of
simulation.
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Figure 48. Scenario 4 — modelled temperature dsereamd extend of the thermal plume after 100 ye#rs
reinjection in Korovci.
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Figure 49. Modelled hydraulic head changes for lyemnal doublet in Korovci after 100 years of sintiolia.

Figure 50 shows extend of the thermal plume after 100 yeismulation for the scenario 5.
The thermal plume reaches the production borehotéis case and the temperature decrease
exceeds 1 °C after 100 years of reinjection.
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Figure 50. Scenario 5 — modelled temperature dser@md extend of the thermal plume after 100 ye#rs
reinjection in Korovci.
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3.3 Danube Basin model area

The pilot area of Danube basin is situated in St@/aHungary and partly at Austria.
Nowadays there is no existing utilization conflist Danube basin geothermal area. Though
future problems in excessive utilization can happdodeled groundwater temperatures and
pressure may significantly drop after long-termlekption.

3.3.1 Model objectives

Possible future influence was predicted based erctinrent utilization magnitude. The steady
state models (Svasta et al 2013a) allowed to ifiyesdinsitive areas were future monitoring of
geothermal aquifer should be established. Sceneafiadditional direct use of thermal ground
water proved the necessity of geothermal watejeetion.

The aim of the numerical modelling was to invedtganpacts of additional geothermal
installations on thermal and pressure conditionthefporous aquifer in the upper Pannonian
geothermal aquifer of the Danube basin, togethér ewaluation of geothermal resources that
can be potentially harvested by the respective smieltme modelling comprises steady state 3D
groundwater flow and heat transport simulationso®genarios are compared — extraction of
geothermal energy by means of geothermal doubtetsdaect use of thermal groundwater by
pumping. The results of the two scenarios are coetha

A detailed study on interstate cooperation on gaotial energy exploitation was performed as
well. The scenario of common geothermal energydisetly at the state border, by means of
two geothermal doublets, organized in a tight 22bgiagonal cluster. The main goal of this
study, performed by transient coupled flow and Isgaulations, was to test the proposed wells
configuration and estimate operating life of theteyn by prediction of thermal breakthrough.

3.3.2 Modelling methodology

The basis of the scenario model was built on tresbaf the steady-state model. Parameters
and boundary conditions are detailed in the stestaly model report (Svasta et al 2013a). The
area where new hypothetical well installations weraplaced is the area of the upper
Pannonian geothermal play, which extend was definerkecoverable heat in place (identified
resources), with temperature of water over 30°Cw N4 geothermal doublets were placed
randomly in areas with higher identified resouraesy from existing geothermal installations.
Pumping and re-injection wells are separated byistance of 2 km. Due to limited
permeability of upper Pannonian sediments, pumpimgj re-injection rates were set to 20 I/s
only, with temperature of re-injected water 25°@r Bimplicity, the whole thickness of the
upper Pannonian hydrostratigraphic unit was scikene

3.3.3 Results of the Danube Basin scenario models

3.3.3.1Potencial installasions scenarios

Steady state simulation with additional 21 geotte®rrdoublets revealed a significant
effectiveness of the thermal energy harvestinguifeich1). It also showed that in some areas a
potential for additional installations still remain

47



2 . {

Figure 51.: Deformation of thermal field in upper Pannonimmermél play caused by geothermal doublets.

Utilization of pumping wells without re-injectiods® shows significant cooling of the area in
broader vicinity of the wells (Figure 52). Compaito the doublet scenario, the temperature
decrease is spread much more in lateral extend.

Figure 52: Deformation of thermal field in uppemBRanian geothermal play caused by pumping wells.
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While temperature effects show generally similattgga in both models, the two scenarios

differ in much greater sense when it comes to hytr®and especially groundwater pressure.
Because in doublets scenario the extracted watetusned into the same aquifer, the negative
pressure changes are compensated by increaseunidgrater head near infiltration wells, and

these changes are limited only to relatively clognity of the wells, what can be seen on

distribution of hydraulic heads on Figure 53.

Figure 53: Hydraulic heads field in upper Pannomjaathermal aquifer, doublets scenario.

This picture is radically different from the sceoawithout re-injection Figure 54), where
pressure drop affects whole aquifer, with magnituneeasing towards its centre of the basin.
In large areas the groundwater head drops over niweae 100 meters, which would
significantly affect technical limits of pumping obt only new wells, but also existing ones.

Figure 54: Hydraulic heads field in upper Pannomgjaathermal aquifer, pumpig wells scenario.
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By analysing the energetic balance of the modelsstuelied energetic impact of the two
scenarios. In the scenario with re-injection, wentified 55.46 MW of potential sustainable
geothermal energy to be used.

For the scenario without reinjection, the calcudateermal power is higher, 82.32 MW. But the
real energetic use will be much lower, since thisiher assumes extraction of all energy stored
in the water by cooling it to the ambient tempematof 10°C, which is only theoretical. In the
same time we observed a decrease of thermal pdvesisting geothermal wells of 3.64 MW,
which attributes to cooling of significant portioasthe resource aquifer.

3.3.3.2Boundary doublet cluster scenarios

The aim of the numerical modelling was to invedtgdnermal and hydraulic response under
the 2 doublets utilization configuration in Slovakdungary transboundary area (Figure 55). As
a demonstration site for fissure — karst type efdhuifer in the pilot area of the Danube basin
Mesozoic carbonates of the underlying Komarno nmatgblock (sensu Slovak interpretation
of the geothermal water bodies and geothermaltsires) was chosen. The fissure — karst type
of permeability is suitable for reinjection of tlemergetically used water and is proven by
practical experience as a favourable environmenthefused thermal water disposal. The
configuration of two doublets cluster can be seeirigure 56.
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— As was discussed previously, evaluated hydrogecébgitructure
'~ of geothermal waters is closed and also there igater transfer on
tributaries with surrounding structures. For madegllpurposes has
/ been chosen relatively small area of approximaiaby km (Figure

57). This areal extent was determined by the impaoge options
’ of geothermal water use by re-injection. For r@atipn two wells

were designed to pump the geothermal water and ftwoits

subsequent re-injection. These two doublets arggued in the

. . / transboundary area of Slovakia and Hungary anéah eountry is

B | one separate system. In the geothermal model, viatpumped
T

from defined two wells and upon its use and cooliogl5°C is

Figure 57: Scheme of the injected back into the geothermal structure.

doublet cluster.

From the geological point of view in vertical diten the model is divided into four geological
layers. The detailed model geometry, the appliadameters and boundary conditions

described in the “Report on the numerical modelthghe Danube basin pilot area — scenario
modelling” (Svasta et al. 2013b).

For modelling the unsteady state of flow and hesidport is important in our model to have
initially defined pressure and water temperatuneddmns in the modelled area. For purposes
of determining these spatial properties was cresteddy flow / steady heat transport model.

The simulation results of groundwater temperatur@ jpressure are shown in Figure 58 and
Figure 59.
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Adding the two well doublets a transient simulatwere done to investigate the effect of the
supposed utilizations both side the national boréégure 60 shows the streamlines in the
Slovak part of the geothermal water use system.aAssult of this scenario it can be
established, that during the system lifetime thelexb water does not reach the pumping
system.
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Figure 60. Visualization of flow pathlines of water (Top — lmg-term pathlines of water from Slovak-side
injection well to pumping well; Bottom —flow pathlines radius — colored — after 35 years).

Figure 61 displays the water temperature changdseabase of carbonate collector. From this
visualization is evident that the same characteneait transport is also within the Hungarian
part of the geothermal system.
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Figure 61. Visualization of the water heat transport on the lase of carbonate colector at pumping
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Figure 62 shows tempereature changes in time #relift amounts of pumped and injected
water.

The results of this modelling, we found that whikeng the projected system the cooled water
does not receive form the injection area into afepumping wells. This result is identical for
all simulated amount of pumped and injected wakle injected water will begin impact the
temperature in pumping wells after more than 10&ryef use. This means that the evaluated
structure is suitable for sustainable transboundétygation of the geothermal water applying
reinjection method by well doublet sheme.
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Figure 62. The course of changes in water temperature in theumping well from
the long-term point of view at different amounts ofpumped/injected water.

In a new scenario it was studied, that how longstidg¢ake until the water temperature in the
geothermal structure returns to its original ndtwaues. Supposing a closed system the
thermal values of the carbonate aquifer would bewed for up to more than 2,500 years.

After closing this system, although it will take \eery long time until the groundwater
temperature returns back to the initial conditiaigs effect has in hydrogeological structure
relatively small spatial extent.

3.4 Komarno — Stirovo model area

The karst system of the area is strongly affectgdhie bauxite and coal mining from the
beginning of the 1950’s: the intense karst watestralstions seriously impaired the natural
karst flow system and caused regional, transboymdigpressions in the Transdanubian Range.
Several lukewarm (15-30°C) springs had dried up tethis activity. It effected the
balneological utilizations of these spring wateékier the mine closures the karst flow system
started to regenerate and the beginning of the’2G86@ hydraulic heads continuously rising
(e.g. Tata, Tatabanya, Patince, etc.) and somieeadfirings reactivated (e.g. Dunaalmas, Tata,

etc.).
Besides this balneological utilization of the lukem waters in the northwestern part of the
area (near Komarom and Komarno) in higher tempegatanditions (~50-70 °C) the resources
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can be utilized for energetic purposes (eg. greestnteating, district heating). By the help of
the scenario modelling we investigated the (tranebdary) effects of theoretical dublet(s) in
this NW area.

3.4.1 Model objectives

The goal of modelling that comprises 3D groundwdtew and coupled heat transport
simulations was to provide information for betterderstanding of the hydrogeological and
geothermal conditions in the Komarom — Stlrovo tPAoea. The first step in modelling

process and gives the basis for scenario analgsisiustainable utilisation of the regional
groundwater and geothermal resources. In the sesta we simulated the effects of the
bauxite and coal mining on the karst system andhine step investigated the (transboundary)
effects of theoretical dublet(s) in the most pectipe area of Komarom and Komérno
(geothermal facility and heat market are also tolake here).

During the modelling we focused on the following:

= simulate and examine the effect of the mine wabstraction on the karst flow
system,

» investigate the recovering of the karst systenr difte mine closure,

= the possibility of further geothermal utilizationa the area via different extraction
and injection scenarios in the perspective area.

The main questions are:

= What impact of energetic purposed abstraction(d§amarno and/or Komarom on
thermal water production in Koméarom and/or Komarao be expected?

=  What would be the impact(s) of the reinjection igemthermal doublet in this area?

3.4.2 Modelling methodology

The simulation of the different scenarios is basedhe existing steady state flow and coupled
heat model (Gaspar et al 2013a). In this part vesgunt only the results and the conclusions of
the scenario modelling (the previous chapter ismmanzed the steady state model).

In this step (the first was the steady state modglwe investigate two main kind of scenario.
The first “scenario-group” was the effects of thater abstractions during the bauxite and coal
mining in the past. The second is the modellinghef effects of a hypothetical geothermal
doublet in the transboundary region of Komarom-KomaThe aims were the following:

= simulate and examine the effect of the mine wabstraction on the karst flow
system,

* investigate a possible increasing of the drinkiradexr needs,
= the possibility of future geothermal utilizations the area.
To simulate and examine the effects of the mineewalbstraction on the karst flow system we

made three different versions/scenarios due to giesi-equilibrium condition during the
period of the mine water abstraction:

= Scenario 1. Mine water abstraction with the yieldhe late 1980’s.
= Scenario 2: Reduced water abstraction with thelyrethe early 2000's.
= Scenario 3: Drinking water abstractions in the aféer the mine closures.
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To simulate the effects of a hypothetical geothératdization on the area we investigate
different extraction and reinjection scenarios he perspective area of Komarom-Komarno.
The distance between the (abstraction and reinj@ctvells is constant, 1000 m. The vyield is
1500 ni/day, the temperature of the injected water is@5The investigated scenarios are the
following:

= Scenario 4: Geothermal utilization without reinjentin Slovakia,

= Scenario 5: Geothermal utilization with reinjectiorSlovakia,

= Scenario 6: Geothermal utilization without reinjentin Hungary,

= Scenario 7: Geothermal utilization without reinjentin Hungary,

= Scenario 8: Geothermal utilizations without reiti@c in both countries,
= Scenario 9: Geothermal utilizations with reinjentia both countries.

All the applied parameters, boundary conditions tveddetailed description of the scenario
model is described in the “Report on Komarom - &tdr Pilot Area scenario modeling”
(Gaspar et al 2013b).

3.4.3 Results of the Komarno- Stiirovo scenario models

3.4.3.1The effects of the mine water abstractions

The natural state of the system is described irstbady state Pilot Area report (Gaspar et al
2013).

During this section of the scenario modelling weuiged on the connection between the cold
karst water abstractions and the behaviour of tkewarm part of the karst flow system. We
simulated the following scenarios due to the qegsidibrium condition during the period of
the mine water abstraction:

= Scenario 1. Mine water abstraction with the yieldhe late 1980’s.
= Scenario 2: Reduced water abstraction with thelyrethe early 2000'’s.
= Scenario 3: Drinking water abstractions in the aféer the mine closures.

In the middle of the 1950’s two main mining regiomserked and abstracted water from the
aquifer in Tatabanya and Dorog (HU). The abstrasticontinuously increased in the following
10-15 years. From the end of the 1960’s startedidorease in the Dorog region, but it
increased/stagnated in the Tatabanya region. Ferldte 1980’'s the abstractions greatly
decreased in the Tatabanya region and startedctease in the Dorog region, but quasi-
equilibrium was set in the area. The mining hadrang effect on the karst system: from the
1950’s the yield of the lukewarm Tata springs ia thain discharge area started to reduce and
for the end of the 1960’s/the beginning of the 187e springs disappeared.

Figure 63 is indicated the modelled hydraulic headhe Mesozoic karst aquifer: the water
abstraction is similar then in the late 1980’suasj-equilibrium can be observed in the system.
So when we produce as much as karst water thdreilate 1980’s an average 30 m depression
can be experienced in the whole region: a hug&, B0 depression can be observed in the area
of Tatabanya and at least 10 m depression in taeeE®m area. In the NW part of the area
near Komarom and Komarno app. 30 m depression eavbberved in this scenario (Figure
64). The original app. 130 mAs| water level in fhata area was decreased below 100-90
mAsl, so such conditions the springs couldn’t work.
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Figure 63. Modelled hydraulic head in the Mezozoic karst aquifer — water abstraction as much as in the

late 1980’s (Scenario 1)
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Figure 64. Modelled depressions in the Mezozoic karst aquifer (Scenario 1)

From the end of the 1980’s/the beginning of the0l®%he mine closures started and the karst
system started to slowly regenerate. The abstraiio the Dorog region strongly decreased
also in the Tatabanya region, where only the dnigkiater abstractions are continued.
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Figure 65 is demonstrated the modelled hydrauledhe 2000’s, after the mine closures. In
the main abstraction sites the wells produce asiragavater than in the 2000's. At steady state
conditions the 60-70 m depression (as in the 1889’5) in the area of Tatabanya decreased to
30-40 m (Figure 66), but in the Tata area the msirey of the water level is not enough that the
springs work again. In the area of Komarom-Komanecan see app. 20-25 m lower water
levels than the natural levels.
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Figure 65. Modelled hydraulic head in the Mezozoic karst aquifer — water abstraction as much as in the

2000’s (Scenario 2)
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Figure 66. Modelled depressions in the Mezozoic karst aquifer (Scenario 2)

60



Our third scenario is the modelling of the effettlee drinking water abstractions after the
mine closures (Figure 67). The main drinking watamping sites are near Tatabanya and
Esztergom. The deepest depression exists neardrgtabwhere around 30 000 m3/day karst
water is abstracted; at steady state conditiongdh& water abstraction results 20-30 m water
level drop in the local environment, but 10-20 npréssion also can be observed in the whole
region also (Figure 68). In the Tata area the sirgy of the water level now is enough that the
springs in Dunaalméas and Tata regenerate and vgaik.aln the area of Komarom-Komarno
we can see app. 15-20 m lower water levels thandhgral levels.
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Figure 67. Modelled hydraulic head in the Mezozoic karst aquifer — drinking water abstraction as much
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3.4.3.2The effects of the hypothetical geothermal utilzes)

In order to investigate the thermal effects of gerating geothermal utilization, theoretical
geothermal well doublets were set in the area om&wmm-Komarno close to the national
border (Figure 69). The scenario 4 — 9 represenbiieration of the geothermal system with
and without reinjection well(s) in one of or bothuntries assuming infinite operation time. In
both countries two reinjection well locations weredelled. In this step we investigated 6
scenarios:

= Scenario 4: Geothermal utilization without reinjentin Slovakia,

= Scenario 5: Geothermal utilization with reinjectiorSlovakia,

= Scenario 6: Geothermal utilization without reinjentin Hungary,

= Scenario 7: Geothermal utilization without reinjeatin Hungary,

= Scenario 8: Geothermal utilizations without reiti@e in both countries,
= Scenario 9: Geothermal utilizations with reinjentia both countries.

Figure 69. Theoretical well doublets in the area of Komarom - Komarno

The parameters of the investigations were theviotig (Table 8):
Table 8. Modeparameters during the scenario modeling

Parameter Value

Qterm 1500 m3/day

Quyj 1500 m>/day

Tinj 15°C

Well distance 1000 m

Reservoir T; karstic aquifer/reservoir
Reservoir depth 1100 -1 600 mBf
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3.4.3.21 Geothermal doubletin Slovakia

Scenario 4 - 5 included the simulation of a geaotiarutilization in Slovakia with (scenario 4)
and without (scenario 5) reinjection well. For fhepose of determining the effects of planned
utilization near Komarno two different reinjectitotations have been developed.

In order to investigate the effects of the reingattfirst the “pure” depression was modelled
(pumping without reinjection). On the next Figuféigure 70) we can see the steady state
drawdown around the pumping well installed wesirfidomarno. According to the simulation
results, the pumping well had more than 7 m depressithout reinjection. The depression
extends Hungary and dropped to 4.5 — 5 m around &om. If the reinjection well was
operating, the maximum depression around the pugnpiell dropped to 2 m, while a
maximum pressure increasing around the reinjeetielhis 2.2 m; the reinjection well also had
a thermal influence in a circle of app. 4 km rachusund the well (Figure 71-Figur®).

From the modelled depression we can see the pesgffects on the depressions: the original
depression (without reinjection) decreased moren tham around the pumping well (with
reinjection). By the help of the reinjection norsfgcant transboundary effects existed on the
potential and temperature distribution. At the saime we have to pay serious attention to the
location of the (reinjection) well(s) to minimalitiee transboundary effects.
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Figure 70. Steady state depression around a theoretical well near Koméarno. No reinjections well exists.
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Figure 71. Steady state depression and pressure increasing around a theoretical doublet near Komarno (Scenario 5a).
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Figure 72. Steady state modelled thermal influence around a theoretical reinjection well near Komarno (Scenario 5b).
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3.4.3.2.2 Geothermal doublet in Hungary

The next two scenarios simulated the effects ¢fearetical geothermal utilization in Hungary
with (scenario 6) and without (scenario 7) reinctwell(s). In the first step we simulated the
depression in the pumping well west from Komarorig{Fe 73). The modelled depression
around a pumping well is app. 6.5 m (without reitign). When the reinjection well was

operated the maximum depression decreased andeadrdppl.5 m at steady state conditions
(Figure 74). The thermal influence of the reinjestiwell is a circle of app. 2.5 km radius

around the well (Figure 75).
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Figure 73. Steady state depression around a theoretical well near Koméarom. No reinjections well exists.
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Figure 74. Steady state depression and pressure increasing around a theoretical doublet near Komarom (Scenario 7a).
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Figure 75. Steady state modelled thermal influence around a theoretical reinjection well near Komarom (Scenario 7b).
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3.4.3.2.3 Geothermal doubletsin both countries

Scenario 8 - 9 included the simulation of a geatiarutilization in both countries with
(scenario 8) and without (scenario 9) reinjectioallwThe pumping scenario (scenario 8)
resulted more than 12 m depression around the mgwgells in both countries (Figure 76). To
decrease this great depression we operated reameuatells in the model. The hydraulic
impacts of the pumping wells significantly decrehskie to the reinjection: the app. 12 m
drawdown dropped to maximum 2.5 m (Figure 77). Doethe natural flow system the
Hungarian pumping well and the Slovakian reinjattiwell had the more extensive impact
areas (Figure 77). The thermal influence of thenjeetion wells (Figure 78) was more
extensive than in the previous scenarios: a 5*6ekipse shaped area around the wells (Figure
71-Figure 72).
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Figure 76. Steady state depression around a theoretical wells near Koméarno and Komérom. No

reinjections well exists.
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Figure 77. Steady state depression and pressure increasing around a theoretical doublets (Scenario 9a).
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3.5 Vienna Basin model area

Located at the north-eastern part of the Transgnexgion the Vienna Basin pilot area is
shared by the involved countries Austria and Slaa&urrently the use of natural thermal
water does not play an important role in the pamta. energetic use of the existing thermal
water in the central and northeastern part of tlemiva Basin has not been implemented yet,
although there are great resources estimated.ntrash the subsurface of the Vienna Basin
has been extensively used for the production ofdgatbons since decades. However, as the
production of crude oil continuously decreases esittte past 40 years it offers future
possibilities for hydrogeothermal utilization iretNienna Basin. Increasing future geothermal
use may also offer challenges and risks of cosflicte to:

« Competitive subsurface use between hydrocarboruptmeh and geothermal heat
recovery

« Over-exploitation due to intense use especiallyear border regions due to a lacking
trans-boundary management of natural thermal water.

In order to avoid future conflicts and assist asogmble and sustainable future use of natural
thermal water in the Vienna Basin a coupled grouatdwflow and heat transport model was
developed.

The Wetterstein-Dolomite geothermal reservoir hesnbfigured out to be the most promising
trans-boundary geothermal reservoir pilot area.aBse of the high salinity of the thermal
waters of this aquifer the trapped thermal watenas suited for balneological purposes.
Hence, the only possible utilisation can be a pemergy usage, realized by a doublet
installation with complete reinjection of the thedhy deployed brine. As this
Hydrogeothermal Play has not been used for geotilense yet, the scenario modelling is
focusing und possible future near-boundary util@@aschemes.

3.5.1 Model objectives

The main objectives of the detailed scenario moughre represented by:

* Analyses of the hydraulic influence of (i) faultssgms and (ii) the geometrical shape
of the reservoir on the coupled hydraulic and tferoonditions of different doublet-
use scenarios, represented by different locatiodsogerational settings.

» Estimation of the technically extractable amount ledat by assuming several
hydrogeothermal doublets.

3.5.2 Modelling methodology

The area of interest shows a lateral extensiorbotial5 km x 3 km, striking approximately
along a SE-NW direction (Figure 79). The river Marand the Austro-Slovakian boarder
crosses the body right in the middle in N-S dittiOn the Austrian side, large parts of the
watersides of the river March are protected by (¥&@t2000 - European Nature Reserve”.
Hence no surface hydrogeothermal installationsh sas wells or heating facilities are
considered to be legally allowed in this area. ppasite “Zahorie Protected Landscape area”
is situated on the Slovakian side along the rivardwa / March. Despite of this fact, the
location of the Slovakian hydrogeothermal doubleds been set within this protection area
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nearby the village of Visoka pri Morave. This wamd in order to investigate possible trans-
boundary hydraulic flow and thermal influenceshet teservoir.

On the Austrian side of the reservoir three abaaddmydrocarbon wells (SCH-T1, SCH-1
and BG-4) could possibly be used (re-entry) forteomal usage and supply the Ganserndorf
| Strasshof area (approx. 20.000 inhabitants) estbrgy (heat and electric power). At least
the above mentioned drillings have proofed the ewig of thermal water at the investigated
reservoir. On the Slovakian side we consideredZbleor — L4b — Zahorska Ves triangle
containing about 10.000 inhabitants as a plausitda for geothermal supply of heat.
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Figure 79. Outline of the scenario model ,Schokehféb”. The red dots show possible well locations,

the size of the hexagons display the populatiothefbigger settlements in the vicinity of the hygirothermal
play ‘Wetterstein-Dolomite’.

Two of the three selected wells on the Austrianesaf the model-block drilled the
Wetterstein-Dolomite complex at a tectonically wwtdibed position, while one well hits a
known fault zone. Since there is no informationwtfault systems on the Slovakian part of
the Aquifer, one exemplary fault is assumed, where of the three hypothetic wells are
located. Hence all different ‘fault’- ‘no fault starios’ have been considered by combination
of different wells in terms of geothermal doubletie applied matrix of combination is
shown in (Figure 80). Previous studies have shdwahd geothermal exploitation can only be
economically viable with a minimum yield of 100, production temperature of at least 100
to 120 ° C and (regarding the investment costsratan of investment) the drilling depth. In
order to fulfil these “rule of thumb” criteria, thaepth of the well screens is ranging between
3 and 4 km and the yield is assumed constant (&p0To include the fractured character of
the reservoir, the well screens are realised usiegpoint sources/sinks each.
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= |[Sch T x 1 nofault > fault
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Figure 80.  Compilation of the considered doublets.

The thermal parameters can be adopted from thdysstate model of the pilot area (Goetzl
et al. 2013a). In addition flow properties havebwadded to the model. In this context the
following assumptions have been applied: The Wat@r Dolomite is a typical fractured
reservoir. Hence, the flow behaviour is, strictlpeaking non-Darcy. A common
approximation for fractured reservoirs is the terfeom of the Darcy equation, where it is
possible to incorporate the conductivity as angutr values. Log interpretations done in
previous studies indicate a main fracture orieatatrf the Wetterstein Dolomite of 110/70
(strike/dip-Notation) towards North-Northeast.

Inside the fault zones crossing the Aquifer thedtmtivity is expected to be elevated. No
exchange between the Neogene Sediments and thenDmls expected, so a very small
conductivity is assigned for the sedimentary layab®ve. There is an evidence for an
approximately 50 metres thick layer of Brecciahat base of the Neogene.

At each modelling run two doublets - one on thetAas and one on the Slovakian side of
the reservoir - are simulated at a time, so bdgi¢alo runs are sufficient to simulate the
combinations described in chapg¢iba! A hivatkozasi forras nem talalhat6. Doublette [1]
and [3] (Figure 80, Table 9) were considered ierscio 1' and the doublettes [2] and [4] in
'scenario 2'. Additionally, the influence of a 5@tres thick layer of Breccia at the base of the
neogene Sediments was surveyed in 'scenario 3.

As no hydrogeothermal utilization has been develoga for this Hydrogeothermal Play, the
applied scenario modelling is focussing on the tedipnydraulic — thermal influence of the
anisotropic shape of the reservoir (low ratio détal- to the longitudinal extension of the
reservoir) and assumed high permeable discreteé Zanks, which may act as flow channels
for the injected cold water. In addition hydrocarkdrillings in the vicinity and partly within
the Hydrogeothermal Play itself show the evidenica bigh hydraulically conductive porous
aquifer at the lowermost 50 meters of the Neogep®sits, which are directly overlaying the
target reservoir. This assumed porous sedimerager Would lead to an coupled hydraulic —
thermal interflow between the wells of the doubletjch may be different to the fault related
interflow. As the fault related interflow acts asdecrete flow channel, the porous layer
interflow may act as a volume related interflow,iethmay lead to a later but smoother
thermal breakthrough at the production well of ailet. In contrast a channel related
interflow is, in the worst case (both wells aredmd at the same conductive fault zone),
expected to lead to a short thermal breakthrougte tand an massif decrease of the
temperature at the production well.
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Table 9.: Overview on the investigated scenarios

Scenario Involved Doublets Description
1 Austria: Sch2 (P) — BG4 (I) High influence of fault zone:
Slovakia: SK1 (P) — SK2 (I) At the Austrian doublet the injection well is located at

the fault zone, which may lead to a fast propagation of
the cold water plume. In contrast it also may reduce
the technical effort of the water injection.
At the Slovakian side both wells are influenced by a
high permeable fault zone, which may strongly
enhance both hydraulic and thermal short-cuts.

2 Austria: Sch2 (P) — Sch (I) Moderate influence of fault zone:

Slovakia: SK2 (P) — SK3 (I) Both wells of the Austrian doublet are located at
tectonically undisturbed positions of the reservaoir,
which may on one hand lead to enhanced hydraulic
resistivity at the wells but on the other hand inhibits
thermal short-cuts.

At the Slovakian doublet the production well is located
within a high permeable fault zone. As the injection
well is located at an assumed tectonically undisturbed
position of the reservoir, the thermal breakthrough
may be inhibited on the one hand, but the effort in
order to inject the used water may be raised on the

other hand.
3 Austria: SchT1 (P) — Sch 2(I) Influence of high permeable porous layer:
Slovakia: SK2 (P) — SK3 (I) Existence of a highly conductive layer at the lowermost

50 meters of the Neogene sedimentary deposits upon
the reservoir, which may lead to thermal shortcuts.
Additionally, the well screens on the Austrian side are
set directly underneath the brecciated high
permeability layer to demonstrate a quick thermal
breakthrough.

P... Production well, I... Injection well

It is also making a difference which of the two lwealf a doublet is located at the fault zone.
There are 3 different schemes, which can be digishgd:

i. Both wells are located within the fault zone: Strong directive, channel like interflow between

the two wells of the doublet leding to a fast and massive attenuation of the temperature
at the production well. From a hydraulic point of view the efforts for production and
injection of thermal water (pumping effort) is reduced due to lowered hydraulic transfer
resistance between the screen of the wells and the reservoir. This situation was assumed
at the Slowakian doublet at scenario 1.

ii. The injection well is located within the fault zone: From a technical point of view the

reinjection of (thermal) water is more sensitive to hydraulic and technical failures and
more likely to be non-successful than the production of water (e.g. scaling due to
temperature changes of the used thermal water). Therefore the hydraulic transfer
resistance between the screen of the well and the reservoir should be as low as possible.
This in turn is a strong argument for placing an injection well within a high permeable
fault zone. From a thermodynamic point of view a channeled water interflow at the
reservoir may lead to two different effects: (1) Shortened thermal breakthrough periods
due to reduced heat-transfer surfaces between the flow channels (bearing cold injected
water) and the surrounding hot rock matrix. (2) In contrast cold water has a higher
density than hot water and therefore is tending to sink towards the deeper parts of the
hydraulically connected reservoir due to gravitational forces. As a consequence of this,
hot water is displaced to shallower parts of the reservoir, which may lead to a rise of the
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water temperature in the production well. This scheme is represented at the Austrian
doublet in scenario 1.

iii. The production well is located within the fault zone: As described above the technical and
consequently economic gain of placing the production well in a fault zone is less than
placing the injection well in the fault zone. On the other hand, the risk of enhanced or
interflow leading to uncontrolled or hardly predictable changes of the temperature at
the production well is lower than at scheme 2. This scheme is represented at the
Slovakian

Taking into account all possible effects and tramsphenomena described at the three
different schemes, it can be summarized, that seh@mis assumed to be the preferred
doublet scheme of a geothermal doublet locatedaulazone affected reservorr.

All the model parameters and boundary conditiond @etailed description of the scenario
model are described in the “Report on the numericadielling at the Vienna Basin pilot area
model; Step 2: Scenario modelling” (Goetzl et al20).

3.5.3 Results of the Vienna Basin scenario models

3.5.3.1Temperature history of production

Apart from the possible yield, that is consideradd consequently presumed) at a constant
value of 100 I/s, the production temperature is in@st crucial factor for the economic
viability of a geothermal installation.

The susbequent Figure 81 shows the results of dleled thermal — hydraulic scenario
modelling in terms of the predicted water tempeamft the production wells of the Austrian
as well as the Slowakian doublet for an overalktiperiod of 100 years.
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Figure 81. Time series showing the predicted temperature at the production wells of the Austrian
and Slowakian doublets.
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Scenario 1, which has been labeled as highly inflted by a high permeable fault zone, is
showing significant changes due to convective heamtsport within the assumed high
permeable fault zones. The temperature at the ptioduwell of the Austrian well is
continuously rising during the production periodl®0 years. As described at scheme (ii) in
the previous chapter this temperature rise isedleéd hot thermal water from the deeper parts
of the reservoir, which has been replaced by smkimected cold water. In contrast the
thermal evolution of the production well at the \&lkian doublet is smoothly falling after an
operational period of approximately 25 years dueetbanced interflow during the fault
zones, where both wells are located. This scenanwesenting scheme (ii) described in the
previous chapter.

Scenario 2 is represented by minor influences dh bwe Austrian and Slovakian doublets.
While at the Austrian doublet both wells are loda# tectonically undisturbed parts of the
carbonate reservoir (lack of high conductive faadhes), only the production well of the
Slovakian doublet is located within the fault zofide interflow between the wells of the
Austrian doublet is dominated by anisotropic volufizev through a moderate conductive
reservoir. Therefore no thermal breakthrough ha lmbserved for an operational period of
100 years at a well distance of approximately brkitter. The temperature history at the
Slovakian production well shows a slight temporatgnfined temperature-rise, which is
assumed to be related to upstream of thermal Viiaier deeper parts of the reservoir due to
pressure decrease as a consequence of water pooduttcan be summarized, that both
doublets simulated at scenario 2 (low influence fadilt zone) are leading to stable
temperature conditions at the production well.

Scenario 3 is investigating the influence of a higlonductive porous sedimentary layer on
the top of the fractured basement. Such basal iareaod conglomerates, which are
hydraulically connected to the fractured basemetavis, are widely spread over the Vienna
Basin. In order to investigate a so called worsecscenario the wells of the Austrian doublet
have been set in tectonically undisturbed locatwitin the Wetterstein Dolomite structure.
Therefore the resulting flow paths are forced tespidne overlaying conductive porous layer.
In contrast to the situation at the Austrian doubide production well of the Slovakian well
has been set on a highly conductive fault zone. Tuelelling results show a strong
interference between the injection and the produactiell of the Austrian doublet. After a
time period of approximately 10 years there is &sne temperature decline observed at the
production well of almost 15°C as the cold watermp is preferentially passing the highly
porous sedimentary layer at the top of the reserithat case the Austrian doublet would
fail. In contrast the production well of the Slolak doublet does not show any interference,
although the injected cold water plume also pafisesighly conductive sedimentary layer
above the reservoir. This is due to the fact, tthat water pathways associated to the
production well are preferably located within thghty conductive fault zone. This in turn
reduces the pressure gradient within the overlaymghly conductive porous layer and
inhibits the propagation of the cold plume.
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3.5.3.2Temperature slices at depths of reinjection

To evaluate the thermal anomaly caused by geothesrmoitation, Figure 82 shows the
lateral extent of the thermal plumes of the difféerecenarios. This can be used to estimate the
maximum number of possible doublets.

3.5.3.3Hydraulic head distribution at base of Neogene

For estimation of far field effects of a geothermaploitation the head distribution can be
evaluated (Figure 83). While the effect on the terature field is spatially limited, the
pressure distribution is affected over the wholsereoir. For all these simulations the
transition to the Neogene is assumed to be peyfeetlled. If this is not the case, it could be
possible that waters from structural higher leypesetrate the reservoir or vice versa.

Temperature distribution after 100 years, scenario 3

Temperature distribution after 100 years, scenario 2
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Figure 82: Temperature distribution at the depths of maximal plume at the reinjections. The

overlain diagrams show the temperature evolution of the produced water.
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Figure 83: Head differences at the base of the Neogene sediments.

4 RESULTS OF THE HYDREGEOTHERMAL RESOURCE ASSESSMEN TS

Harmonized resource assesment were carried oull ahea pilot ares (Goetzl 2013c).
Harmonized terminology and assessment workflow established at all the pilot areas
relying on the “Canadian Geothermal Code for PuRkporting” (http://www.cangea.ca).

In general it has to be distinguished between Bemiht main levels of hydrogeothermal
assessment:

The most general level covers the hydrogeothermignial, which delimits the theoretically
available heat content in a specific subsurfacemel The resource level confines the share
of stored heat, which can be extracted by knowhrtieal measures, irrespective of economic
constraints. The reserve level in turn also comsidgconomic constraints and therefore
delimits the economically feasible share of resesirc
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The term “Hydrogeothermal Play” covers a distinetsubsurface rock volume (in this case a
geological reservoir complex) where natural thermater is supposed to be occurring and
may be utilized in at least one distinctive resetvo

Table 1 is giving an overview on the different lsvef hydrogeothermal assessment
considered at Transenergy. It does not cover adll$eof resource assessment described at the
above mentioned reporting codes. However, the cheslkection covers all aspects, which are
needed to fulfill the goals of Transenergy and $hdae seen as a first attempt towards a
future joint resource management. Further divexaiibns of levels of hydrogeothermal
assessment can be realized on demand.

It has to be considered, that the amount of asdessergy available for utilization is in
general attenuating towards a higher confidendbefassessment level. As shown in Figure
84 the lowest level of confidence is provided byé&tiin Place” (potential) and in contrast the
highest level of confidence provided by “Measureds&urces” and already “Installed
Capacities”.

Table 10 Overview of the different levels of hydrogeothermal assessment considered at
Transenergy

Heat in Place Heat stored in a subsurface
volume. This term delimits the
theoretically available
geothermal potential, which
could only be utilized by
cooling down the entire rock
volume of the specific
Hydrogeothermal Play. In
practice it won’t be possible to
extract the entire amount of
heat stored by technical

measures.
Inferred Technically extractable amount
Resources of Heat in Place at a low level

of confidence. The assessment
of Inferred Resources mainly
bases on modelling results and
simplified assumptions at a
regional scale.

Probable Share of Inferred Resources,

Reserves which can be developed in an
economic way (e.g. considering
maximum drilling depths or
maximum distances to areas of

settlement).
Measured Technically extractable amount
Resources of Heat in Place at a high level

of confidence by relying on
direct measurements at wells.
Installed Already installed
Capacities hydrogeothermal power.
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Figure 84. General scheme of the resource assessment scheme applied at Transenergy

At Transenergy project the harmonized hydrogeothémssessment has been achieved for
relevant Hydrogeothermal Plays at the selected aias only. All calculations are basing on

the data acquired and models developed during &énemgy. The assessment is limited to a
regional scale (maximum resolution 1:100.000).

The assessment of resources is strongly dependitigedechnical utilization scheme chosen.
In this context the controlling technical paramstare constituted by:

= Single well or doublet use

» The required minimum reservoir temperature
= The temperature of the injected water

» The maximum vyield

In order to assess the hydrogeothermal potentiea{lih Place) the operational lifetime of all
chosen technical utilization scheme was set to é&frsy of full annual load. The technical
utilization schemes applied for the hydrogeothermeslource and reserve assessment are
listed inHiba! A hivatkozasi forras nem talalhat6.

4.1 Investigated Hydrogeothermal Plays

In total 9 different Hydrogeothermal Plays locaiadthe 5 different pilot areas have been
identified for the harmonized hydrogeothermal assent. Except for the Vienna Basin pilot
area only 1 Hydrogeothermal Play has been idedtfbe each pilot area (Table 12).

The selected technical utilization schemes intematdver the most important or already
widely spread utilizations.
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Table 11. Overview of the utilization schemes selected for hydrogeothermal resource
assessment

ID Title Required Reference Type of Constraints
minimum  temperature scheme
temperature (discharge,
re-injection)

°C °C - -

1 Balneology 30 10 Single Well None
(energetic use of
water for local
heating)

2 Heat Supply 40 25 Doublet (2 Maximum flow
(district heating as wells) rate 1(?0 VZOF

o 0. maX. arawaown

well as individual of 100 meters”
heating)

3 Electric Power 105 55 Doublet (2 Maximum flow
Generation wells) rate 200 I/s or

max. drawdown

(combined with of 200 meters""

heat supply)

The main criteria for the selection of Hydrogeothal Plays are:

= Coverage of at least one aquifer
= Relevance for present or future hydrogeothermal use
= Minimum average temperature level above 30°C

Three of the nine identified Hydrogeothermal Plays located at the Miocene basin fillings

of the Pannonian- and the Vienna Basin. They maiahstitute porous aquifers belonging to

a single stratigraphic horizon. The remaining 6 idg@othermal Plays are located at the pre-
Miocene basement of the basins and are represbytidctured carbonate reservoirs, which

are partly consisting of several different tectosnel stratigraphic structures.

The geometrical attributes of the investigated ldgeothermal Plays have been derived from
the steady-state 3D modelling executed at the rdiftepilot areas. The largest reservoir
complexes exist in the Danube Basin (DB1) and tlemiva Basin (VB3 and VB5). While the
gross- and estimated aquifer volume in the Play BBfesulting from the vast surface, the
volumes of the Plays in the Vienna Basin are ragulfrom the great thickness of the
reservoir complexes. The smallest Hydrogeothernea}t B located at the Lutzmannsburg —
Zsira pilot area (Play LZ1). The total estimatedsg aquifer volume is at 2100 km3. It has to
be kept in mind that this estimation bases on thmplgying assumption of a homogeneous
reservoir fable 13).
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Table 12:
assessment

Overview on the Hydrogeothermal Plays selected for the hydrogeothermal

VB1

VB2

VB3

VB4

VB5

TWB1

LZ1

DB1

BRH1

Aderklaa
Conglomerate

Vienna Basin

Deltafront Vienna Basin
Sediments
(Eggenburgian -
Ottnangian)
Tirolic Nappe

System

Vienna Basin

Juvavic Nappe Vienna Basin

System

Central Alpine & Vienna Basin

Tatric Carbonates

Upper Triassic Komarno -

karbonate Sturovo Area

reservoir

Devonian dolomite Lutzmannsburg
- Zsira Area

Upper Pannonian Danube Basin

formation

Bad Radkersburg — Bad

Hodos pilot area / Radkersburg -

Raba fault zone Hodos Area

Conglomerates of the Miocene
basin fillings (Lower
Badenian)

Sandstones and sands of the
Miocene basin fillings

Dolomites and limestones of
the Triassic basement of the
Vienna Basin (Norian -
Anisian)

Dolomites and limestones of
the Triassic basement of the
Vienna Basin (Ladinian -
Anisian)

Dolomites and limestones of
the Triassic basement of the
Vienna Basin (Ladinian -
Anisian)

Limestones and dolomites of
the Upper Triassic basement

Limestones and dolomites of
the Paleozoic basement

Interchange of clays, marls
and sands/sanstones of the
Miocene basin fillings

Carbonates and metamorphic
rocks of the Pre-Tertiary
basement (Triassic &
Paleozoic)

The estimated range of reservoir temperaturelsld 14) has been derived from the achieved
steady-state thermal models covering the pilotsarelggh temperatures of more than 200°C
have therefore not been proofed by direct measurenkelowever, the estimated maximum
temperatures vary between 114°C (VB1) and 282°C 5)VBThe average reservoir
temperatures, which have been used for the hydtbgeoal resource assessment, are varying
between 46°C (DB1) and 148°C (BRHL1).

Except for the Hydrogeothermal Play TWB1, whichibkk a very high level, all estimated

transmissivities vary in the range of 10-4 to 10¥3s (Table 15).
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Table 13: Geometrical attributes of the investigated Hydrogeothermal Plays

VB1 Aderklaa 249 37 199
Conglomerate

VB2 Deltafront 124 21 182
Sediments
(Eggenburgian
- Ottnangian)

VB3 Tirolic Nappe 4,495 265 2,239
System

VB4 Juvavic Nappe 900 31 1,937
System

VB5 Central Alpine 3,220 103 1,930
& Tatric
Carbonates
TWB1 Upper Triassic 164 2 200
karbonate
reservoir
LZ1 Devonian 120 6 600
dolomite
DB1 Upper 9,127 1,278 985
Pannonian
formation
BRH1 Bad 1,779 356 3,100
Radkersburg —
Hodos pilot
area / Raba
fault zone

The hydraulic transmissivity was used to calcutate Inferred- and Measured Resources, as
this parameter controls the maximum yield of aniviodial geothermal doublet. It was
calculated by combining the modelled thickness Blfydrogeothermal Play with an averaged
hydraulic conductivity, once again assuming isatagnd homogeneous conditions at the
Play.

The heat exchange between the surrounding rockxvaatd the circulating thermal water is
controlled by the rock parameters (i) Heat Capacity Density and (iii) Porosity as well as
by the same parameters of the fluid itself. Thertta¢ rock parameters have been generalized
based on measurements done by or available ahviodved geological surveys. Due to the
lack of data once again simple isotropic and homegas reservoirs had to be assumed
(Table 16).
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Table 14: Range of the estimated reservoir temperatures of the investigated
Hydrogeothermal Plays

Average
VB1 Aderklaa 26 114 80
Conglomerate
VB2 Deltafront 10 155 58
Sediments
(Eggenburgian -
Ottnangian)
VB3 Tirolic Nappe 8 239 118
System
VB4 Juvavic Nappe 58 193 129
System
VB5 Central Alpine & 9 282 134
Taric Carbonates
TWB1 Upper Triassic 20 152 86
karbonate reservoir
LZ1 Devonian dolomite n. a. n. a. n. a.
DB1 Upper Pannonian 10 136 46
formation
BRH1 Bad Radkersburg — 45 243 148

Hodos pilot area /
Raba fault zone
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Table 15: Estimated transmissivity of the investigated Hydrogeothermal Plays

Estimated
VB1 Aderklaa 0.002 1.219 0.325
Conglomerate
VB2 Deltafront 0.020 1.305 0.356
Sediments
(Eggenburgian -
Ottnangian)
VB3 Tirolic Nappe 0.000 3.426 1.159
System
VB4 Juvavic Nappe 0.003 2.416 1.010
System
VB5 Central Alpine & 0.274 3.328 1.006
Taric Carbonates
TWB1 Upper Triassic n. a. n. a. 42.000
karbonate reservoir
LZ1 Devonian dolomite n. a. n. a. 0.480
DB1 Upper Pannonian 0.072 1.544 0.423
formation
BRH1 Bad Radkersburg — 0.755 4.700 3.120

Hodos pilot area /
Raba fault zone

Table 16: Thermal rock parameters of the investigated Hydrogeothermal Plays

Bulk Heat Bulk Density Porosity

Capacity (kg/m3) (%)
(J/(M3K)
VB1 |Aderklaa Conglomerate 1380 2273 15.0
VB2 |Deltafront Sediments 1154 2370 17.2
(Eggenburgian -
Ottnangian)
VB3 |Tirolic Nappe System 1126 2681 5.9
VB4 |Juvavic Nappe System 1028 2735 3.4
VB5 |Central Alpine & Taric 897 2860 3.2
Carbonates
TWB1 |Upper Triassic karbonate 914 2650 3.0
reservoir
LZ1 |Devonian dolomite 1380 2273 15.0
DB1 |Upper Pannonian n. a. n. a. 14.0
formation
BRH1 |Bad Radkersburg — 1000 2850 20.0
Hodos pilot area / Raba
fault zone




4.2 Methodology and workflow

The assessment of hydrogeothermal potentials, resewnd reserves follows a workflow
developed in the frame of Transenergy. All procegssteps have been in a MS Excel
worksheet, which has been sent out to all partf@rsndividual calculations. The chosen
approach bases on the previously elaborated stgtatly models and have been performed
based on 2D raster analyses using the softwareagadksri ArcGIS.

Doing so the entire Hydrogeothermal Play was cal&righ a 1 km x 1 km raster putting on
individual geothermal doublet (1 production wellL4injection well) at each cell in order to
consider the utilization schemes 2 (heat supply)l @& (electric power generation).
Considering scheme 1 (balneological use) only glsiwell was put at each cell.

In the frame of the assessment harmonized nomenrelatas applied (Table 17).

Table 17. The harmonized nomenclature

K (Hydraulic) Permeability m? (Darcy)
g Gravity m/s?
& Dynamic Viscosity Ns/m3
P Density Kg/m?3
cp Heat Capacity J/(kg'K)
0 Porosity -
T Transmissivity m?/s
Q Yield m3/s
H Heat (Resources) MW, (W)
T Reservoir Temperature °C
TRet Reference Temperature (Injection °C
Temperature)
f Subscript: Fluid (Water)
a Subscript: Aquifer (rock matrix and fluid
filled pores)
i Subscript: Cell

The assessment of hydrogeothermal resources isstingsof the following processing steps
(see nomenclature at the end of this chapter):

(1) Preparation of input data
= Define the outline of each Hydrogeothermal play &nd out all relevant input
data from the elaborated steady-state 3D models.
= Calculate a raster of the gross thickness of eachidgieothermal Play (HP).

= Calculate the gross volume of each HP by summintpephickness of all cells.
__ TTopitTBass.i

o T, =
= Calculate the average (midpoint) temperature fohell by: 2
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= Assign uniform Heat Capacity, Bulk Densities anddiies (total, effective) to
each HP.
= Calculate the transmissivity of each HP:
o If no direct measurements of the hydraulic conditgtiare available then
transform hydraulic permeabilities into hydraulionductivities using:
kf‘ — M
nf )
= Calculate the hydraulic transmissivity by combinitigg hydraulic conductivity
with the gross thickness for each cell.
= Calculate the gross aquifer volume by multiplyidge tgross volume with the
effective porosity.
= Create filter considering the minimum reservoir pemature requirement for the
schemes 1 to 3: Each utilization scheme has a mmimeservoir temperature
required. In order to avoid negative capacitiescalls, which don’t fulfil the
requirements, have been excluded from the calouigsiti

(2) Calculation of the Heat in Place

All calculations are basing on a volumetric apploassuming to cool down the entire
volume of the HP to the level of the reference terafure.

o HIP =Y (624206 — 10-(cp-p)+- 8 - (T, — Taer ) _
Utilization scheme 1: ' 1( PPl 8- ( R’J), unit

[MW]. |
HIP = T, (6.2420E — 10+ (cp - pa- (T; — Trer) )

Utilization scheme 2,3: , unit [MW].

(3) Calculation of the Inferred Resources

Scheme 1 (balneology, single well use): Followsapproach presented by Gringarten
(1978):H ={ep-p)s-Q T*‘”f, where vheat is representing the heat transfarcitgl
lepplf
Uhgar =

between the rock matrix and the circulating fluid: lerela For calculating the
Inferred Resources a constant yield of 10 I/s (08/) was assumed. The output unit
is [MW].

Schemes 2, 3: The inferred resources have beessaslsesing a multiplet-scheme
approach (1 individual doublet per cell) based @omelation between the maximum

yield of an individual doublet and the transmisgiat the affected cell:

o Calculate the maximum allowed yielt?:= 150816-7  Tpg equation also
follows an approach by Gringarten (1978). A maximyield of 100 I/s (0.1
m3/s) was set as a general constraint for each cell

o Calculate the thermal capacity of each individualloet:

H={(cp-ple-Q (T —Tray)

[MW].

o Sum-up all cells in order to get the total InferResources.

, afterwards the unit is transformed from [W] into
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(4) Calculation of the Measured Resources

The calculation of Measured Resources follows tleéhodologies for calculating the Inferred
Resources. Instead of using modelled reservoir ¢eatpres the thermal capacity of a single
well or a hydrogeothermal doublet was calculatadgudirect measurements at hydrocarbon
wells and geothermal wells only. That means onbsghcells have been considered, where
wells with direct temperature measurements werédadle.

(5) Calculation of the Probable Reserves

The calculation of probable reserves has been mmpstally applied on the utilization
scheme 2 (heat supply) for the HPs in the ViennsirBanly. For that purpose the Inferred
Resources have been calculated only for cells stgpawimaximum distance of 1000 meters to
settlement areas. The information about settleraezds have been derived from a Corrine
Landsat dataset (Eurosat©, Corrine Landcover, 2006)

(6) Calculation of already Installed Capacites
Considering the utilization schemes 1 to 3 theaalyelnstalled Capacities have been assessed
based on production dat& = (2-p)p-Q (Ti —Trop),

4.3 Results

The Heat in Place, assessed for the investigatelddggothermal Plays is shown in Table 18.

Table 18: Estimated Heat in Place for the investigated Hydrogeothermal Plays

Heat in Place
(MWTh, 50 year}

Scheme: Heat

Scheme: Scheme:

Single well Supply Electric
Power
VB1  Aderklaa Conglomerate 5,449 28,794 454
VB2  Deltafront Sediments 1,153 7,422 1,289
(Eggenburgian -
Ottnangian)
VB3  Tirolic Nappe System 52,998 858,027 587,344
VB4  Juvavic Nappe System 6,533 194,102 122,013
VB5  Central Alpine & Taric 12,628 557,686 380,336
Carbonates
TWB1 Upper Triassic 235 15,731 3,896
karbonate reservoir
LZ1 Devonian dolomite 412 7,014 3,603
DB1  Upper Pannonian 34,325 176,868 0
formation
BRH1 Bad Radkersburg — 29,945 374,354 250,455
Hodos pilot area / Raba
fault zone
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In general the greatest potential has been caéxulfdr the Heat Supply scheme, as this
scheme is affected by a moderate minimum temperagquired (40°C). In this context the
highest amount of Heat in Place was calculatedtiier HP VB3 (approx. 860 GWTh)
assuming an operational lifetime of 50 years fasliogg down the reservoir. This high amount
of the Heat in Place is strongly related to thet vasume of this Hydrogoethermal Play and
therefore calculated high temperature levels inb®al sections of the Play. However, it has
to be kept in mind, that this is only a hypothdtjgatential, which will never been realized in
practice. Nevertheless using the Heat in Placeamesammarize, that the maximum amount
of heat stored in all investigated HPs.

A first estimation of the technically realizableast of the stored Heat in Place is given by the
Inferred Resourceg4ble 19).

Table 19: Estimated Inferred Resources for the investigated Hydrogeothermal Plays

Inferred Resources

(MW )

Scheme: Scheme: Heat Scheme:
Single well Supply Electric Power
Aderklaa Conglomerate 636 14,285 229
VB2 |Deltafront Sediments 199 4,455 835
(Eggenburgian -
Ottnangian)
VB3 |Tirolic Nappe System 459 66,624 46,242
VB4 | Juvavic Nappe System 72 15,567 10,945
VB5 |Central Alpine & Taric 264 60,547 41,756
Carbonates
TWB1 |Upper Triassic karbonate 51 5,327 1,319
reservoir
LZ1 |Devonian dolomite 22 1,809 919
DB1 |Upper Pannonian 1,075 6,205 0
formation
BRH1 |Bad Radkersburg — 846 122,253 81,791
Hodos pilot area / Raba
fault zone
SUM 3,624 297,072 184,036

The assessed Inferred Resources show an average dhie stored Heat in Place in the
range of 10% considering the different technicdlzation schemes. Except for the HP DB1
(Upper Pannonian formation) each investigated Hyeothermal Play shows resources for
the generation of electric power. Considering dneal conversion factor of around 10%
total resource for the generation of around 1.8 G\ available in 8 Hydrogeothermal
Plays in the 5 different pilot areas. However, fhisnly a technical potential, which does not
respect any economic constraints. The by far gsea®ount of Inferred Resources is, once
again, evident for the Heat Supply technical sch€8& GWTh). In contrast, the single well
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use (Single well or Balneology Scheme) only offtnsited resources. Irrespective of the
environmental consequences of only using a singlé far hydrogeothermal utilization only
a by far smaller amount of the heat stored in aswsdlce rock volume can be technically
extracted by a single well in comparison to a detubke.

The already proven resources are represented bye¢hsured Resources (Table 21).

Table 20: Calculated Measured Resources for the investigated Hydrogeothermal Plays

Measured Resources
(MW+y)

Scheme: Scheme: Heat Scheme:
Single well Supply Electric Power
VB1 |Aderklaa Conglomerate 7 114 0
VB2 |Deltafront Sediments 1 28 0
(Eggenburgian -
Ottnangian)
VB3 |Tirolic Nappe System 36 1,007 349
VB4 |Juvavic Nappe System 10 461 102
VB5 |Central Alpine & Taric 5.4 20 0
Carbonates
TWB1 |Upper Triassic karbonate 0.2 17.2 0
reservoir
LZ1 |Devonian dolomite 22 434 39
DB1 |Upper Pannonian 24 137 0
formation
BRH1 |Bad Radkersburg — n. a. n. a. n. a.
Hodos pilot area / Raba
fault zone
SUM 105 2,218 490

The already proven resources constitute only alshate of the Inferred Resources (<1%). It
has to be pointed out, that the Measured Resouwloesiot include already Installed
Capacities. Nevertheless, total Measured Resowtersore than 2 GWTh (Heat Supply
scheme) and around 500 MWTh (Electric Power scheame) already verified for the
Transenergy project area. In this context a greatesof the Measured Resources have been
identified for the Vienna Basin pilot areas, whiats of hydrocarbon wells exist.

Finally, the assessed already Installed Capacteshown imable 21.
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Table 21:

Assessed already Installed Capacities at the investigated Hydrogeothermal Plays

(MW )

Installed Capacities

Scheme: Scheme: Heat Scheme:
Single well Supply Electric Power
VB1 |Aderklaa Conglomerate 0 0 0
VB2 |Deltafront Sediments 0 0 0
(Eggenburgian -
Ottnangian)
VB3 |Tirolic Nappe System 0 0 0
VB4 |Juvavic Nappe System 0 0 0
VB5 |Central Alpine & Taric 4.9 0 0
Carbonates
TWB1 |Upper Triassic karbonate 12.8 2.5 0
reservoir
LZ1 |Devonian dolomite 4.0 0 0
DB1 |Upper Pannonian 36.7 23.9 6.8
formation
BRH1 |Bad Radkersburg — 10 0 0
Hodos pilot area / Raba
fault zone
SUM 68.0 26.4 6.8

The Installed Capacities have been assigned t8 thiferent utilization schemes in order to
opposite them to Measured Resources in order ima&tst the degree of utilization. Of course
this is a very pessimistic or conservative statamas the Measured Resources only reflect
the already proven hydrogeothermal resources. Aslifteady Installed Capacities have been
excluded from the assessment of Measured Resoarwkgherefore reflect the remaining
known resources, the following total degree ofizdiion (DoU) can be reported for the
3 different technical utilization schemes:

= Balneological- (single well) scheme: DoU ~39%
= Heat Supply Scheme: ~1%
= Electric Power Generation scheme: ~1%.

The term Reserves describes both the technicaleisas economical extractable amount of
heat stored in the subsurface. Probable Reservesspond to Inferred Resources by
outlining the share, which can be developed in eonemically feasible way. There are
various economic constraints controlling the feidigjtof hydrogeothermal utilizations. Most
of them are very site specific and are difficultgeneralize (e.g. the load profile of local
users). However general constraints are given éyrthximum drilling depth and the distance
to existing settlement zones. In order to give @wgloestimation about Probable Reserves we
have considered the limitations given by the distamo existing settlement areas. By
assuming a maximum distance of 1,000 meters tteswhts the Probable Reserves have
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been assessed for the heat supply utilization seh&ims assessment has only been executed
in an experimentally way for the HydrogeothermalyPVB03 Tirolic Nappe System, located
at the Vienna Basin pilot area (Table 22, Figure 85

Table 22: Probable Reserves calculated for the identified Hydrogeothermal Plays considering
the heat supply utilization scheme.

ID Title Probable Reserves
(MWrmh)

Heat supply scheme

VB 01 Aderklaa Conglomerate 816

VB 02 Deltafront Sediments 87

VB 03 Tirolic Nappe System 22,688

VB 04 Juvavic Nappe System 5,292

VB 05 Central Alpine & Tatric 20,391
Units

TOTAL SUM 49,273
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Figure 85 : Probable Reserves: Hydrogeothermal doublet capacity per km2 combined for all
investigated Hydrogeothermal Plays. Settlement Areas: Eurosat©, Corrine Landcover
(2006)

Considering a maximum distance of 1.000 meterestienated Probable Reserves associated
to the heat supply scheme are in the range of 49TIEWhe resulting hot spots for
hydrogeothermal heat supply are located at thesgnding of the capital city Vienna and at
the Austrian — Slovakian border region between Klalaand Schoenkirchen / Aderklaa.
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5 SUMMARY AND COCLUSION

Based on the steady steate models scenario modetsdeveloped for each pilot area. These
models provide information about the possible latdns in thermal water utility, the need of
protection, and describes the geothermal exploiatapacity of each region. The aim of the
present modelling work was to understand and cheniae the natural hydro-geothermal
system of the study areas, to investigate the dutffects of existing geothermal water
extractions, and to make predictions on differeditagtion scenarios and utilization shemes.
The modelling activity consists of two main padsveloping coupled flow and heat transport
model and carrying out hydrogeothermal resourcesassent. During modelling common
approach was applied for each pilot area and piesiwere harmonized. The modelling
methods and applied software were the same in péaharea. Two different geothermal
utilization shemes were investigated and well detsblvere supposed in the transboundary
zone in each pilot area, except Lutzmannsburg-Zsiggon where the geothermal conditions
are favourable only for balneological utility nebe national border.

Although we applied the same approach in the modeis to specific features of each pilot
area special model solutions were applied to inyat unique transboundary problems,
which are not relevant for all pilot regions.

The results of the different scenario modellinglgga and the models themselves can be used
for everyday thermal water management e.g. revigwatiowance processes of new
utilization.

Following the Canadian Geothermal Code for Pubkpdtting (CanGEA) we have assessed
different levels of geothermal potential and researfor 9 selected Hydrogeothermal Plays
(reservoir complexes) at the 5 pilot areas. Theegdnaim of this task was to give an

overview about the limitations and opportunities fiifferent schemes of hydrogeothermal

utilization in the Transenergy pilot areas.

The maximum level of hydrogeothermal potential ilseg by the calculated Heat in Place,
which is in the range of several Terawatts. Thess=d Inferred Resources can be seen as an
upper technical limit for hydrogeothermal utilizats neglecting any economic constraints.
Taking into account the different utilization schesminferred Resources between 4 GWTh
(Single Well use) and 300 GWTh (Heat Supply scheocoe)d be assessed for the selected
Hydrogeothermal Plays. In practice these resouscesiot likely to be realized by technical
measures, as all the available surface space wimikl/stematically covered by geothermal
doublets in a so called multiplet scheme. In catttiae already proven resources, described
by the term Measured Resources, only represental share of the realizable resources, as
they have been derived from already drilled weltgl &oreholes, which have shown a
significant inflow of natural thermal water. Howeyt&king into account the already Installed
Capacities only a very small share of the proveoueces (less than 1%) are already realized
leaving great opportunities for future development.

The realized assessment of resources at the diffeecls of confidence and resolution has
shown that the Balneological- or Single Well schemehe least efficient way to extract
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geothermal heat from the subsurface. Taking alspancount environmental aspects, such as
the pollution of surface streams or the attenuatibpressure in the exploited aquifers, the

Transenergy group strongly advises against a siwglé scheme for pure energetic use of

natural thermal water.

The results which are specific for the pilot areas be summarized in the following:

The Lutzmannsburg-Zsira natural state model provided three-dimensionarmftion on
hydraulic head distribution, groundwater fluxes d@echperature distribution. The simulated
groundwater head distribution and calculated flustribution indicated that the dominant
flow direction is towards the east following a sewmlial pattern. The groundwater is
recharged mainly via surface infiltration. The Mar¥alley and the Répce valley represent
the regional discharge area, while the north-eastiele of the model is a cross-flow area.

The production state simulation results indicatat ttegional groundwater table drawdown
varys between 1-15 metres in response to groundweateaction. The largest drawdowns
exists in the western side of the model domainltiegufrom the depression of resource bores
located in Austria.

The current depressurisation of pre-neogene agugenerally varies between 2-12 metres.
The largest pressure drop is simulated to existratdhe BUk extraction bores. A significant
depressurisation is observed around the Lockendtecgon bore.

With respect to the Zsira-Lutzmannsburg local systihe model scenarios indicate that both
the Buk and Lutzmannsburg extractions contributidaéodrawdown observed in the Zsira Zst-
1 monitoring bore. The upper Pannonian extractaes contribute to the depressurisation
observed in Zst-1. The contribution of the Uppenrmian and Quaternary extractions is
comparable to that of the Blk and Lutzmannsburgaekbns. Both extraction groups
contribute equally to the depressurisation alorgy librderzone. The Sarmathian extraction
bores also contribute to the depressuriastionerbtirder zone. Both Austrian and Hungarian
extractions take part in the depressurisation tlZshe contribution of the Hungarian bores
is slightly larger.

Simulation of a twofold increase in existing extrag rates indicates a significant increase in
water table drawdown of up to 16 metres in the dombne of the pilot area. Similarly, the
current depressurisation of the Sarmathian resewas predicted to increase by 18 metres in
response to increased production rates. Prediotogel results suggest, that the increase of
extraction rates would put a significant stresshengroundwater system.

The steady state simulation of a geothermal boréléd targeting the Devonian dolomite
indicated that the reinjection of the extracteddfuwould significantly decrease the hydraulic
impacts of groundwater extraction. The cooling &ffef cold water reinjection had little
influence on the temperature distribution within yars of simulation time, and has only a
local impact on reservoir temperatures in the acddeng-term utilisation. Reinjection of the

94



extracted thermal waters is thus the recommendeattipe for future geothermal
developments in this reservoir.

Simulations of thé8ad Radkersburg-Hodospilot model showed no impact of abstraction in
Korovci on Benedikt. The impact on Bad Radkersbwas simulated with and without
reinjection well. When no reinjection is appliecetexpected hydraulic depression reaches
Bad Radkersburg only if higher than expected hyldrazonductivity or abstraction rate are
implemented in the model. The simulated drawdowtheKorovci production well after 50
years of 20 |/s abstraction is between 11 and 15Fve reinjection scenarios imply that
thermal breakthrough is expected only if very higydraulic conductivity is used in the
model, in this case is noticeable after 50 yearghét abstraction and injection rates in the
model cause the breakthrough after 30 years already

Two regional steady-state model scenarios ofDaaube Basinrevealed new geothermal
energy sources in the Danube basin regions, regqaiprto about 55 MW of thermal power.
However, the impacts of additional pumping on emgstinstallations as well as on global
pressure field puts questions on future directaigbermal water in the region, favorizing re-
injection.

The results of a detailed transient geothermal mindeof a doublet cluster can be
summarized into next points:

It was found that re-injected cooled water withipexiod of system lifetime does not affect
pumping wells, what have a positive impact on tystean efectivity.

If the input values of hydraulic and thermal prdgs of modelled environment are
sufficiently accurate, it is possible to re-injegtantity of water in the range of 10 to 50 I/s
without affecting the lifetime of system.

Parallel coexistence of two re-injection systemarbg the national border do not interact
with each other.

After closing this system, although it will takeveary long time until the groundwater
temperature returns back to the initial conditighss effect has in hydrogeological structure
relatively small spatial extent.

The pilot model of the Komarno-Sturovo pilot area hatural system was modelled to give
information about the period before the intensestkarater abstractions during bauxite and
coal mining and help the understanding of the m@dturater and heat flow system. The
resulted hydraulic potential and temperature distrons indicated the natural flow paths and
the natural convective heat flow system; furthemnuoglped to plan the sites and the scenarios
of the theoretical utilizations.

In the second step the scenario modelling the@lghioduction strategies were investigated.
These scenario models are based on the steadyrsidedling.

The first three scenarios were related to the kaester abstraction during and after the
bauxite and coal mining. The behaviour of the kaystem during intense water abstraction
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was investigated by the help of infinite operatitome. The intensive water production
resulted regional depression in the whole regiba:largest, 60-70 m drawdowns exist in the
area of the water abstractions in the SE part efRHot Area (near Tatabanya). Regional
drawdown was observed not only in the Hungariam, jpart also in the Slovakian part of the
Pilot Area. In these transboundary regions the elepon reached 10-30 m due to the natural
flow system. The most adverse and best seen effaébe intense water abstractions was the
disappearance of the lukewarm springs in the Tida. a'he scenario of the drinking water
abstractions showed lower depressuration in thst lsgsstem and in the Tata area the water
levels reached again the level of the springs.

The well doublet scenarios took place in the Kommé&komarno area, which is the most
perspective geothermal area of the Pilot Area duthé energy market and the geothermal
resources. To investigate the possible impactsp@aned geothermal utilization, 6 different
utilization strategies were studied. The importanteéhe reinjection was confirmed by the
simulations: the utilizations without reinjectionadh transboundary impacts in the
neighbouring countries, the simulated depressionshe hydraulic potential was 6 - 7 m
around the pumping wells and minimum 5 - 5.5 m adothe theoretical wells in the
neighbouring country. When reinjection wells workbd modelled depressuration rates were
between 1.5 - 2.5 m around the abstraction well$ the pressure increasing around the
reinjection wells were between 1.5 - 2.5 m. In ¢hesenarios the operation of the geothermal
system had no transboundary impacts. The scalsatcl extent of the impacts — in the case
of theoretical doublets existed in both countriesvere depended on the location of the
injection wells. The thermal impacts mainly depehden the natural water flow: the
Hungarian utilization had transboundary effectsthe case of well located closer to the
national border. When both countries had doubteescommon impact was 2.5 - 10 °C along
the Danube between the utilizations assuming iefioperation time.

An easy, though reasonable, approach to assesstiamte exploitable amount of energy
from a reservoir in theVienna Basin is to estimate the number of possible doublets.
Multiplication of power of one doublet times themmioer of doublets. yields the exploitable
Heat in Place.

In total 9 hydrogeothermal doublets could be itsthin the outlined Wetterstein Dolomite

structure irrespective of natural reserve zone® dVerage installed power of the modelled
doublets is around 25 MWTh, therefore the total sirall installed doublets would be in the

range of around 230 MWTh. This result is now coregdawith the outcomes of the regionals
scale resource assessment in term of the so dafieded Resources (per square kilometer)
considering the electric power generation multiplgteme.

The estimated hydrogeothermal capacities per sgkidoemeter are varying between 9.6
MWTh and 35.9 MWTh. The average installed capait9.3 MWTh is fitting quite well to

the average thermal power derived by the scenandeiting studies. With raster based
estimation the total Inferred Resources are irréinge of 470 MWTh, which is about 2 times
larger than the total available resources derivethfthe detailed modelling studies. The
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reason for this is given by a too optimistic asstiampconsidering the needed space of a
single hydrogeothermal doublet in the raster bastéidhation of Inferred Resources.

Taking a look at the temperature distributions #rehydraulic conditions at the reservoir a
multiplet scheme consting of maximum 10 to 15 detghlwhich are jointly controlled, could

be most efficient way to develop the reservoir. &epng on the attainable energy price it
would be possible to exploit deeper levels (> 40@00f the reservoir and/or apply more
elaborate exploitation schemes (e.g. multipletyariar EGS). Taking these possibilities into
account, up to 25 % of the total Heat in Place @da exploitable.
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