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Fig. 4.3. Experimental histogram of raw calculated data (4, D) their respective histograms of residuals (B, E) and final variogram

models of residuals (C, F).

Fig. 4.4. Spatial arrangement of 1,650 calculated sample points within 3D regular grid of Durkov reservoir shown in transparent grey.
The sample points are coloured in accordance with the studied variable values for enthalpy (A) and specific exergy index (B).

to create numerical models of the variables. It gives more
than 35 milliards m? of total gross volume of the Durkov
IeServoir.

The experimental variograms were calculated for the
residual variables: two experimental variograms in N-S
and E-W directions in horizontal planes with lag distance
500 m in accordance with the sample spacing, and one
experimental variogram in vertical direction. Nested basic
structures of spatial variability were fitted to the directional
experimental variogram to build variogram models. The
final variogram models of calculated residuals are shown
in Fig. 4.3 C for R (u ) and Fig. 4.3 F for R, (u ). Both
variogram models perfectly fit the directional experimental

variograms with low nugget effect values and parabolic
behaviour at the origins of models. They also exhibit a
strong anisotropical pattern with apparent zonal anisotropy
in horizontal plane prolonged in N-S direction, coincident
with reservoir body and direction of main geological
faults, and vertical direction toward the north, which is
in accordance with stratified structure of the calculated
variables under study. There is also presence of geometrical
anisotropy between E-W and vertical directions and with
higher continuity in E-W, which indicates the lowest
continuity of studied variables in vertical direction, higher
continuity in E-W direction and the highest continuity in
N-S direction.



Slovak Geol. Mag., 20, 1 (2020), 85 — 98

92 |

By adding the variogram models of residual variables
to the linear trend model initialized at the trend modelling
stage, the required non-stationary models are obtained,
and subsequently used during geostatistical simulations.

4.5. Results
4.5.1 Geostatistical simulations

As stated previously, simulated grid consists of more
than 1.4 million points on a 3D regular grid 50x50x10 m
with total gross volume more than 35 milliards m?. One
hundred realisations in total were simulated by Turning
Bands method using a given model variogram and
search neighbourhood. Non-conditional simulations
were conditioned by universal kriging due to using non-
stationary structural model. The final numerical model
consists of 100 simulated reservoir bodies filled by
simulated values of studied variables specific enthalpy /
and specific exergy index SEx/.

Fig. 4.5 shows an example of reproduction of the
statistical parameters of 1,650 input data and the same
skewed shape of the input histogram for SExI shown in
Fig. 4.4 D. In general, the individual simulations of the
numerical model slightly exceeded experimental minimal
and maximal values observed from the input data for both
studied variables due to using non-stationary modelling
approach. It is well know that the non-stationary approach
often exceeds input data range mainly in extrapolation
areas of studied domain. The mean values and standard
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deviation for the individual simulations of numerical
model are well reproduced.

Fig. 4.6 shows the mean realisations for both studied
variables, representing the spatial distribution of the
variable values within the reservoir. The both models
clearly show a reproduction of the spatial trend with the
simulated values that increase with depth.

One hundred simulated values of the studied variables
per each 3D grid node have been used to determine a value
of parametric estimation either for enthalpy or specific
exergy index in a 3D resolution. We used the given cut-
off to detach a part of subpopulation estimated as under
the criteria. This allowed delineation of local anomalies
meeting a given criteria. Moreover, the cut-offs use also
allowed probabilistic determination of distribution of
selected variables and target values within the reservoir.
Simulation post-processing consists in splitting each
of 100 realisations into two parts — above and below a
boundary condition (cut-off). On the grid node basis, post-
processing continues with counting the number of times
when the simulated values of each realisation exceed the
boundary condition. This number is normalized by total
number of realisations to obtain probability values ranging
from O to 1. Figs. 4.7, C and D show such probability
models. As can be seen, there is very tight transition in
vertical direction among zero probability to exceed a given
cut-off in the upper part of the reservoir and the very high
probabilities at the lower part or at the bottommost parts of
the reservoir for SEx/.
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Fig. 4.5. Experimental histograms of four randomly selected realisations of SExI simulation.
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Fig. 4.6. 3D visualization of the mean realisations of the studied variables showing their spatial distribution within the Durkov reservoir.
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Fig. 4.7. Probability models for h > 800 kJ.kg_l (4) and SExI >0.2 (B).

In fact, there is approximately 5.8 milliards m*® of
volume within the reservoir where enthalpy exceed 800
kJ.kg' what gives only 16 % of total reservoir volume.
Similarly, there is only 7 % (2.55 milliards m®) of total
reservoir volume with specific exergy index above 0.2.

Final probability models were used to construct the
volumetrics risk curves as described in 4.3. The volumetrics
curves for the studied variables are shown in Fig. 4.8. The
final risk curves help to build different risk scenarios for
the reservoir volume. For instance, there is only less than
10 % probability or less to get more than 609 Mm® of the
reservoir volume with specific exergy index higher than
0.2. Or, there is less than 492 Mm? of reservoir volume
with 90 % probability to get specific exergy index higher
than 0.2. In other words, the reservoir volume will decrease
with increasing probability to get values above a cut-off.
Fig. 4.9 demonstrates the concept where we can clearly
see that with increasing probability becomes the reservoir
volume with SEx/ > 0.2 divided into two distinguishable
zones.

4.5.2 Reservoir specific enthalpy

Most of studies on DDHS promote the system as
of moderate to high temperature, according to local
classification schemes (e.g. Fendek et al., 1999).
Temperature (7,,), total dissolved solids (M) and
calculated hydrostatic pressure »,,) were used to
determine speciﬁc enthalpy in reservoir conditions; so that

=fT o My pgw) where T o f2), M, = AT gw) and
= /).

It is a clear SE trend observed for increase in specific
enthalpy within the reservoir body as a function of depth
and proximity to the Slanské vrchy Mts. The top of the
reservoir extends in depths of 1,660 — 2,600 m, so that the
reservoir enthalpy at a top varies & = 390 — 740 kJ.kg™.
Approximately 50 % of the calculated enthalpy is less than
h =540 kJ.kg'. Towards the base at z = 1,960 — 4,000 m,
the enthalpy fairly increases, i.e. 2, =440 — 1,060 kJ.kg"'.
As given by the model, a mean enthalpy at the base of
the reservoir is 4 = 710 kJ.kg'. A most significant rise in
enthalpy is estimated for the SE part of the system, where
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Fig. 4.8. Final volume risk curves for h>800 kJ.kg_1 (4) and SExI >0.2 (B).
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Fig. 4.9. Probability models of SExI with extracting the non-zero probabilities (A), probabilities higher than 0.1 (B), 0.5 (C) and 0.9 (D).

the gradient in enthalpy is 84 = 200 — 260 kJ.kg"'.km™.
An overall thickness of the Middle Triassic carbonates in
this part is assumed for Az = 500 — 1,500 m.

Unlike general assumptions, only 16 % of the
entire reservoir exceed the arbitrary given limit of
h,.. > 800 kJ.kg" criteria to distinguish between low and
moderate (high) enthalpy geothermal waters. Distribution
within the reservoir is uneven, skewed left. A zone of
h,..> 800 kJ kg™ locates at the SE margin of the reservoir,
in depths of z = 2,870 — 4,000 m below the surface.
The zone of elevated, moderate (high) enthalpy, is most
probably located east from the Durkov municipality. It
corresponds to the tectonic block hit by geothermal wells
GTD-1, GTD-2 and GTD-3. A vicinity to the neovolcanic
Slanské vrchy Mts. and possible metamorphism plays
a huge uncertainty to hydraulic properties in that zone
though, increasing a risk of failure when tapping for
geothermal water and deliverability. Instead of focusing to
the E, we propose to delineate the prospective zone along
a depressed block of carbonates running N and NE from
geothermal wells.

4.5.3 Specific exergy index

By definition, the specific exergy index relates exergy
of the given fluid described at a triple point conditions
over a maximum exergy available, i.e. e = 1,192 kJ kg
Similar to specific enthalpy, we set the specific entropy;
so that the s = AT o My p)- Thus, the specific entropy

varies s, =1.2-2.1kJ kg K! for the top and increases to
Sy = 1.4 —2.8 k] kg K" at a base of the reservoir. For the
entire reservoir body, a mean specific entropy is estimated
fors =1.75 kJ kg . K.

Quantitatively, the specific exergy index is calculated
for SExI = 0.05 — 0.25, with a mean of SEx/ = 0.095 if
the reservoir is taken as a solid body. This is strikingly
different compared to other hydrogeothermal systems in
the Western Carpathians. Based on local geometry and
geothermics, a specific exergy index fairly increases
between a top (SExImp = 0.04 — 0.06) and bottom
(SExI, = 0.1 —0.25); so, a mean at a top and a base do
(SExI = 0.08 and SEx/ = 0.14). A tendency of SEx/ to
increase follows the trend of reservoir specific enthalpy;
i.e. a clear trend with depth and a direction, the SE margin
of the structure, is well expectable. Thus, for what is called
the prospective zone in this paper, the specific exergy
index interval reduces to SEx/ = 0.11 — 0.25 at depths
of z = 2,870 — 4,000 m. However, SEx/ > 0.2 occupies
a minimum depths of 3,100 m rather to the east. This part
has not been documented yet, bearing a huge risk of failure
when targeting to tap the geothermal resource there.

4.5.4 Thermodynamic quality classification

Under a given range of specific exergy index calculated,
99 % of the reservoir exceeds the SEx/ = 0.05 criterion
to consider an associated resource as of moderate-low
thermodynamic quality. Exception is the NW periphery of
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Figure 4.11. The Durkov hydrogeothermal structure — “prospective zone”’; Mollier’s (left) and Rant’s (right) diagrams

the structure at depths of z = 1,660 — 1,780 m west from
the municipality of Durd’osik, where carbonates are fairly
elevated (z,, = 1,600 — 1,800 m; z, = 1,800 — 4,000 m).

Asecond standard given by Lee (1996, 2001) recognizes
moderate-high  thermodynamic  quality geothermal
resources if SEx/ > 0.2. In geothermic conditions at the
DDHS, approximately 7 % of the reservoir exceeds the
level of specific exergy index only. Obviously, the zone
of elevated thermodynamic quality correlates well to the
zone of highest reservoir specific enthalpy, concentrated
along E margin of the structure. When considering depths,
zones, where moderate-high geothermal resource can be
found with 90 % probability of success locates in depths
of z=3,100 — 3,900 m.

Indeed, a skepticism arises when evaluating the
elevated thermodynamic quality, at least as implied by SEx/
calculation. A vicinity of neovolcanites triggers geothermic
activity there. Meanwhile, an effect of metamorphism and

reduction in permeability cannot be omitted. Thus, when
considering an anomaly hunting / stacking approach
(Cumming, 2009) for a future exploration of the entire
geothermal structure, a focus on a tectonic block running
NE between Durkov and Bidovce/Svinica towns is strictly
recommended, as this has been sampled already. This
should limit a risk of failure apparent where targeting for
highest specific enthalpy index or enthalpy.

4.5.5 Thermodynamic quality mapping

To map thermodynamic quality of the geothermal
resource associated with the Middle Triassic reservoir,
we used state diagrams for enthalpy versus temperature
(Fig. 4.10) and entropy versus enthalpy and exergy (Fig.
4.11); both plotting calculation results for a prospective
zone of the reservoir only. This should be delineated as
a part of the reservoir following a tectonic block hit by
GTD-1 to GTD-3 wells in 1999 (Vranovska et al., 1999),
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running N of the Durkov town and arching NE between
the towns of Bidovce and Svinica (Fig. 4.1). Vertically, the
zone is limited along a top and bottom of the reservoir.
So, if we consider this part as elevated in geothermic
and thermodynamic parameters, a rest of the reservoir is,
consequently, of lower exergetic quality.

A plot of reservoir enthalpy to reservoir temperature
shows only a minor equilibrated steam fraction up
to X; = 0.18, increasing with depth. In fact, recently
unpublished sustainable reservoir management evaluation
for the structure questions presence of a steam cap in the
reservoir and so a possibility of a double phase at depths
does. However, for a prospective zone, a resource specific
exergy atatriple point conditions ranges e=90—-290kJ kg™'.
A reservoir out of the prospective zone does not reach the
saturation curve at all. A difference between the DDHS
and some geothermal systems worldwide is striking
(Fig. 4.10), even if reservoir temperature is comparative.
Indeed, with higher steam fraction at Wairakei (X, = 0.23)
or Ohaaki (X, = 0.6), both record higher specific exergies;
i.e. e =400 kl.kg'! and e = 650 kJ.kg"!, respectively; and
are used for geothermal power production. It would, thus,
be thermodynamically inefficient (if not impossible) to
consider a direct or flashing power generation systems at
the DDHS, even temperatures may imply some potential.

Evident is also the difference between the DDHS and
selected geothermal fields on the Mollier’s and Rant’s plot
(Fig. 4.11). Even within the prospective zone delineated by
heat flux and temperature anomalies, when stacked, only
a few percentages exceed a SEx/ = 0.2 (moderate-high
exergy) line, although reservoir temperatures between
the DDHS and, e.g. Ohaaki, are approximately the same.
Rather is the system comparable to Podhale, Fuzhou,
Tianjin or Balcova geothermal fields.

Thus, we recommend the system of DDHS to be
classified as of moderate-low thermodynamic quality
(moderate-low exergy).

4.6 Discussion and conclusions

The presented paper describes and applies geostatistical
methodology of spatial modelling and risk assessment
thermodynamic conditions of the Durkov hydrogeothermal
structure in Slovakia. The DDHS is repeatedly reported as
the most prospective geothermal system in the Western
Carpathians. Three geothermal wells (GTD-1 to GTD-3)
have been installed there in 1999 (Vranovska et al., 1999a,
b; Benovsky et al., 2001) targeting the prospective tectonic
block north from the Durkov village. The analysis and
spatial modelling were based on calculated spatial data
with enthalpy and specific exergy values in 1,650 points
within the reservoir body. Geostatistical simulations were
used to model the studied variables that are functions of
temperature and depth under non-stationary assumption.
For that reason, the turning bands simulation technique was
chosen to create a 3D numerical model. Final numerical
model constituted 100 simulated realisations that were
used to delineate probable volume of the reservoir with
the enthalpy above 800 kJ.kg'! and specific exergy index
above 0.05 and 0.5, respectively. The complete numerical

model of the Durkov reservoir was used to construct
probability risk curves for reservoir volume above the
mentioned boundary conditions.

The Durkov structure includes about 16 % of the total
reservoir volume with the enthalpy above 800 kJ.kg'. In
accordance with the volume risk curve there is less than
13 % of the total volume with more than 10 % probability.
For higher probabilities such as 50 % or 90 % there is only
5 % or 10 % reduction of the reservoir volume above the
boundary condition.

The specific exergy index above 0.05 occupies almost
the entire reservoir with negligible proportion below that
values in NW part of the reservoir. On the other side, there is
only 7 % of the total reservoir volume with specific exergy
exceeding 0.2 in the east and north-east part of the Durkov
reservoir, mostly with very low probabilities. Indeed,
from the volume risk curve it can be conclude that for
probability above 10% there is more than 75 % reduction
of the original reservoir volume above 0.2 of the specific
exergy index. Similarly, for median probability (50 %)
there is another almost 10 % reduction of that volume and
more than 20 % reduction for probability 90 % with clear
separation of the volume into two distinguishable zones.

Thermodynamic conditions for the Durkov depression
hydrogeothermal structure imply its similarity to several
moderate enthalpy, liquid (water) dominated geothermal
fields worldwide. Indeed, the Podhale (Barbacki, 2012),
Tianjin (Axelsson & Dong, 1998), Fuzhou (Pang et al.,
2015) or Balcova (Ozgener et al., 2006) systems produce a
geothermal resource for large-scale utilization, such is the
district heating or individual space heating in combination
with agriculture and recreation. All are also classified of
moderate-low or simply a moderate (SEx/ = 0.05 — 0.5)
exergy. In fact, no project operates the Durkov Depression
until now. Thermodynamically, the system is not adequate
for power production, lacking a sufficient steam fraction.
However, with a cumulative discharge of Q = 115 L.s™! and
thermal output of 28 MW, as proven over closed-looped
pumping test, with GTD-1 serving as reinjection well
(Vranovskaetal., 1999b; Benovsky etal., 2001), utilization
of a geothermal resource for geothermal district heating
appears outright energetically and exergetically. The more
is the fact accented with a town of Kosice a 13 km to the
west only, still served with coal and natural gas in district
heating systems (Fricovsky et al., 2013). Thus, instead of
increasing a share of geothermal resources on a primary
energy mix in the country; reducing energetic dependency
of a state on foreign resources; CO, mitigation; and
transition towards the sustainable development at least on
a municipal scale, the geothermal resource is set stand-by,
somewhat ignoring its potential.

The thermodynamic study on DDHS reservoir
conditions has proven the site as of moderate-low
thermodynamic quality. A low equilibrium steam fraction
disqualifies other than direct use of the resource, proven by
moderate SEx/ values above depths of 3,000 m. Beneath,
a risk of failure when targeting that zone increases
dramatically. Suitability of the resource for a large-scaled,
district heating and cascaded projects is also proven along
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a similarity of reservoir (and wellhead) conditions with
geothermal fields worldwide.
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