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Abstract

The geothermal field of Therma - Nigrita is among the most important low enthalpy
fields in Greece. It is located at the SW part of the Strymon basin (Central
Macedonia). The geothermal research at Nigrita was launched by IGME during 1980-
1982. Actually, it is exploited mainly for agricultural use and thermal spa. The
geothermal field of Therma - Nigrita, officially characterized by Ministerial Decision,
covers an area of 10 km? has a pressurized reservoir at 70-500 m depth, showing
temperatures of 40-64°C and geothermal fluids containing large amounts of CO-. In
this paper the development of a 3D model for the reservoir of Therma - Nigrita, is
presented. For this purpose the FEFLOW code is employed which simulates fluid flow
and heat transfer in the geothermal reservoir under transient state conditions.
Following, three different management scenarios are tested for a ten-year period. The
first scenario examines the evolution of the reservoir under no-exploitation
conditions, the second one represents the current exploitation scheme and in the third
scenario the production rates are doubled. According to the simulation results, the
decrease in temperature is not expected greater than 1% for all scenarios, while the
effect on hydraulic heads is significant for both scenarios 2 and 3.
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Hepiinym

To I/II Oepuwv Niypitog eivor Eva amo Ta. ONUAVTIKOTEPO. TEALO. YounANG evlalmiog
otnv EAAado. Bpiokeror arov vouo Zeppwv, oto NA tunua te Aekavis tov Xtpouova.
H yewOepukn épevva atnv wepioyn s Niypitog Cexivijoe amo 1o 1. M.E. v mepiodo
1980-1982. To yewbeppuxd medio Ocpucdv Niypitog éxraons 10 km?omws Eyer
xopoxtnplotel faoel Ymovpyikng oamopacs, mepIAoapBaveL Evoy DITO TTIECH TOUIEDTHPA.
oe fabog 70-500 m xou mopovaidler Oepuorpacies 40-64°C kar yewbepuixd pevota
mlovoio, o oradopévo CO, 2o mlaioclo g mapovoos epyooios avartoyOnke éva
TPIOOLAOTATO HOVTEAO POTIG KL UETAPOPAS OEpUOTNTOS VIO, TOV TOLIELTIPO. TV OEpucdrv
Nuypirog ue v yxprion tov loyioukod FEFLOW. To uoviédo npooouoraler v por kai
NV UETOPOPE. BepuoTnTag oTOV DO TIECH TOUIEVTHPA 08 UETAPATIKES ovVONKES. X1y
OVLVEYELQ. ECETATTNKAY TPIO OLAPOPETIKG TEVAPIO. OLOYEIPIONS UE TPOOTTIKY OEKAETIOG.
To mpwro mepiypaper undeviky exustdiievon, 1o devtepo eéerdler v eléhién tov
TOLIEVTIPA. e OLOTPNON THS DPLOTGUEVHS KOTAOTAONG EKUETAALEVONG KOL GTO TPITO
oimAooialoviar o1 aVTIAODUEVES TOOOTHTEG. LVUQMVA UE TO. OTOTEAECUOTO. THG
TPOOOUOIWONS 0ev aVOUEVETaL UElwon THG Bepuokpacios ueyalotepny twov 1% yio
KQVEVO, GEVAPIO, EVE) CHUAVTIKOTEPES EIVAL Ol ETUITTWOELS OTHV TIECOUETIO.

Aééeis wieora: 3D poviélo, younin evloimio, dioyeipion yewOepuukdv mediwv,
FEFLOW.
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1. Introduction

Over the last years the interest in low-enthalpy geothermal resources, for both electric and thermal
energy production, is increasing globally. Yet, the current level of use of geothermal energy in
Greece represents only a very small fraction of the identified geothermal resources (Andritsos et al.,
2007). According to Goldstein et al. (2011), one of the greatest obstacles to the expansion of
geothermal energy development is the inability to predict geothermal reservoir performance.

Several investigative approaches are employed for the characterization of geothermal resources,
including field experimentation, numerical simulation, geochemical and isotopic characterization
and other (Dotsika, 1991; Lopez et al., 2010; Bridger and Allen, 2014).

Numerical modelling provides a powerful tool to estimate the principal hydraulic and thermal
parameters of a geothermal field and allows for a more accurate assessment of geothermal resources.
Furthermore, the employment of distributed parameter models allows for the integration of spatial
heterogeneities.

In this paper the development of a 3D model for the reservoir of Therma - Nigrita, is presented. The
present study constitutes the first modelling attempt for this field. For this purpose the FEFLOW
code (Diersch, 2014) is employed, which simulates fluid flow and heat transfer in the geothermal
reservoir under transient state conditions.

Following, three different management scenarios are tested for a ten-year period. The first scenario
examines the evolution of the reservoir under no-exploitation conditions, the second one represents
the current exploitation scheme and in the third scenario the production rates are doubled.

The principal objective of the present study is to assess the principal characteristics of the geothermal
reservoir and to estimate the potential of the geothermal field under study, via numerical modelling.

2. General characteristics of the Therma - Nigrita geothermal field

The geothermal field of Therma - Nigrita is located in the Region of Central Macedonia, Greece. It

covers an area of 10 km? and it is part of the Strymon basin, a region of great geothermal interest
(Karydakis et al., 2005).

The geothermal research at Nigrita was launched by IGME during 1980-1982 with the drilling of
five (5) exploratory wells (TH-1 to TH-5) at Therma (Karydakis, 1983) and continued during 1997-
1999 with the drilling of seven (7) more productive wells (TH-6 to TH-12) (Karydakis, 2001). In
the wider area there are also numerous private wells (PRIV-1, PRIV-2, N-15, N-16, TH-DB1 and
other). The hot springs of Therma - Nigrita, located 3 km S and SE of the town of Nigrita, are
currently dry.

The geological background of the area consists of metamorphic rocks of the Serbomacedonian mass
and thick sedimentary deposits of Neogene age. For the most part the Neogene deposits are rich in
clay and marl components, and present poor hydraulic characteristics.

The aquifer body consists of a basal conglomerate formation which develops at the depth of 70 to
500 m. The reservoir presents pressurized heads, and measured temperatures range from 40 to 64°C.
According to Arvanitis et al. (1998), the total potential of the field is estimated to 1,000 m*/h. The
field is exploited mainly for agricultural use and thermal spa.

In respect to their chemical characteristics, the geothermal fluids are of Na-HCO3 type and contain
large amounts of CO, (Arvanitis et al., 1998). The pH and TDS values range from 5.8-7.2 and 1.5-
2.5 g/l respectively.

The tectonic structure of the area is affected by two groups of normal faults (NW-SE and NE-SW
direction) that control the movement of the geothermal fluids in the area. The intersection of the two
fault systems is likely the main path for the upward migration of geothermal fluids originating from
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deeper layers. The geothermal fluid is then diffused into younger and permeable sediments, such as
the basal conglomerate formation (Arvanitis et al., 1998).

The spatial distribution of isothermal curves follows the directions of the main fault systems. The
area presenting highest temperatures is located near the productive wells TH-12 and TH-DB1
(Figure 1).

Similarly, the distribution of pressure in the geothermal reservoir indicates that the recharge zone is
located in the northeast part of the field (close to TH-12 and TH-DB1) where the greatest pressure
gradient reveals. West and southwest of this area, the pressure gradient is lower and the water is
colder.

A simplified map of the geothermal field is presented in Figure 1 and the conceptual model of the
geothermal reservoir is presented in Figure 2.

4 geothermal wells

isothermal curves 1024

:_- _-I Geothermal Field

Figure 1 - The geothermal field of Therma - Nigrita.
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Figure 2 - Schematic cross section - conceptual model of the geothermal field Therma -
Nigrita.

3. Development of the 3D model

The model is developed for transient state conditions. The employed observation wells are TH-1,
TH-8, PRIV-1 and PRIV-2 (Figure 1). Periodic measurements of temperature are realized by IGME
at the framework of Diachronic Monitoring of Geothermal Fields of Greece (NSRF 2007-2013
project).

3.1. Structural characteristics of the model

The model is developed with the FEFLOW finite element simulator, using a layered three dimension
technique. The model consists of 172.536 prismatic elements and 115.984 nodes. It comprises two
layers, each one representing a different hydro-geological unit. The top layer stands for the quasi-
impermeable clayey-marly sequence, which is the restrictive cover of the reservoir, while the bottom
layer represents the basal conglomerate formation which is the main aquifer body.

The absolute elevation of the top and bottom slice of each layer is based on the spatial analysis of
geological data from 21 boreholes distributed at the wider area of Nigrita. The geological formations
are grouped into three hydro-geological units: i) the clayey-marly sequence, ii) the basal
conglomerate and iii) the metamorphic basement.

The resulting geometry of the geothermal field is presented in Figure 3.
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Figure 3 - Geometry of the geothermal field of Therma - Nigrita. The aquifer body is
presented in red colour.

3.2. Hydraulic and thermal properties

In order to understand the mode of operation and to estimate the potential of the geothermal system,
a thorough determination of the system hydraulic and thermal parameters is necessary.

In geothermal reservoir modelling the hydraulic conductivity determines fluid flow and heat
transport conditions. The hydraulic conductivity of the upper clayey-marly sequence describes a
practically impermeable formation. The lower layer, which simulates the basal conglomerate, is
assigned with higher hydraulic conductivities. Furthermore, the lower layer is separated into two
zones according to whether dissolved gas (CO>) is present in the geothermal fluid. This distinction
is used to simulate two regions of the same geological formation, which show different hydraulic
characteristics due to the difference in composition and density of the geothermal fluid. The assigned
values of hydraulic conductivity and storativity are shown in Table 1. Additionally, the anisotropy
of hydraulic characteristics in the z-axis is assigned 1/10.

Thermal properties describe the potential of heat to be transferred through the solid or to be stored
into the rock material. The values of thermal conductivity and volumetric heat capacity of fluid and
solid are assigned separately in the model (Table 1).
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Table 1 - Values of hydraulic and thermal properties of the model.

Parameter Hydrogeological formation Value Unit
Hydraulic conductivity Clayey-marly sequence 10" m/s
Basal conglomerate 6.5 10" m/s
Basal conglomerate (CO,) 1.06 10 m/s
Storativity Clayey-marly sequence 0.0001 1/m
Basal conglomerate 0.0002 1/m
Basal conglomerate (CO,) 0.0002 1/m
Porosity Clayey-marly sequence 0.001
Basal conglomerate 0.3
Thermal conductivity of solid Clayey-marly sequence 2.4 JmisiK
Basal conglomerate 4.2 J/m/s/K
Thermal conductivity of fluid Fluid 0.65 J/mis/iK
Volumetric heat capacity of solid | Clayey-marly sequence 2.64 MJ/m?/K
Basal conglomerate 25 MJ/m¥K
Volumetric heat capacity of fluid | Fluid 4.2 MJ/m?/K

3.3. Initial and boundary conditions (BC)

The initial heads introduced to the model reproduce the pressure heads of all geothermal wells as
measured during drilling. The same method is followed for the field of temperatures.

First type BCs are assigned punctually, based on field measurements realized at the well TH-7.
Second type BCs (influx) are assigned at the northern border of the domain and pumping rates are
assigned at the wells TH-8, TH-10, TH-11, PRIV-1 and PRIV-2.

The recharge at depth is a special boundary condition that controls how much fluid and heat is
available and its distribution across the system. In the present study the recharge of the reservoir is
assessed with the in/out flow on top/bottom module of FEFLOW at the bottom layer of the model.
The delimitation of the recharge zone corresponds to the area of the reservoir where the highest
temperatures are observed. The value of influx for the specific boundary condition is identified
during the calibration of the model. Note that no recharge via precipitation is considered, as the
reservoir is confined. Additionally, a constant temperature BC of 64°C is assigned at the recharge
zone at the bottom layer.

3.4. Calibration

The calibration of the model is realized for the period 2005-2008. For the evaluation of the results
the following error indicators are used: i) absolute error (E), ii) root mean square error (RMS), and
iii) standard deviation (SD). The results of the calibration for the parameter of temperature are
presented in Figure 4.
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Figure 4 - Observed and simulated values of temperature at observation wells (TH-7, TH-8,
TH-11 and PRIV-2).

3.5. Sensitivity analysis

In the present study a sensitivity analysis of hydraulic conductivity is performed by changing the
value of the parameter by = 5% and = 10%. For the evaluation of the results the same error indicators
as in calibration (E, RMS and SD) are used. The test results are shown in Table 2.

Table 2 - Comparative results of sensitivity analysis of hydraulic conductivity.

0 -5% -10% +5% +10%
E 1.70864 | 1.71214 | 1.71249 | 1.71331 | 1.71738
RMS 2.03774 | 2.04837 | 2.03928 | 2.0424 2.04654
SD 2.27827 | 2.29015 | 2.27763 | 2.28347 | 2.2881

It is observed that differences in error rates are very low. This indicates a low sensitivity of the model
to this parameter.

3.6. Management scenarios

For the geothermal field of Therma - Nigrita three different management scenarios are designed
having as prospect a decade. These scenarios are described below.

e - Scenario 1 (SC1) - No exploitation

The first scenario examines the evolution of the reservoir under steady state conditions. The results
of this scenario will be used as background values in the comparison with other scenarios.

e - Scenario 2 (SC2) - Maintaining the current exploitation scheme

The second scenario examines the evolution of the reservoir in a period of ten years, if the current
exploitation scheme is maintained.

e - Scenario 3 (SC3) — Increment of production rate by 100%
Finally, the third scenario examines the evolution of the reservoir in a period of ten years, after
doubling the production rates of geothermal fluid. This scenario is particularly interesting as it
represents a realistic version of future management.
4. Results and discussion

The simulation of the geothermal reservoir of Therma - Nigrita is realized for the period 2005-2008.
The distribution of temperature at the end of the simulation period is presented in Figures 5 and 6.
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Figure 5 - Simulated field of the reservoir temperature (layer 2). The location of the cross
section is marked with black line.
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Figure 6 - Simulated field of temperature. Cross-section NE-SW.

The developed numerical model is employed for the assessment of the basic characteristics of the
geothermal field based on the finite element method. Consequently, the reservoir volume is
estimated 1.4 10*7 m?, of which 4.38 10%® m* correspond to fluid volume. In steady state conditions
the heat energy stored in fluid phase is estimated 29 TJ and the total (fluid and solid) stored heat
energy 69 TJ.

In respect to the examined scenarios the simulated values of hydraulic head and temperature are
presented in Table 3.
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Table 3 - Comparative results of sensitivity analysis of hydraulic conductivity.

Hydraulic head (m)
Well TH-1 TH-8 PRIV-1 PRIV-2 TH-5
Scenario 1 49,96 55.89 53.05 45.82 45.96
Scenario 2 49.64 52.34 52.59 26.75 42.87
% variation 0.64% 6.35% 0.87% 41.62% 6.72%
Scenario 3 49.32 48.79 52.12 7.67 39.78
% variation 1.28% 12.70% 1.75% 83.26% 13.45%

Temperature (°C)
Scenario 1 55.23 4531 52.63 48.5 55.23
Scenario 2 55.13 45.19 52.62 48.83 55.13
% variation 0.17% 0.25% 0.02% 0.68% 0.17%
Scenario 3 55.06 45.05 52.60 48.94 55.06
% variation 0.29% 0.57% 0.05% 0.91% 0.29%

As expected for the first scenario there are no changes in the examined parameters. This scenario is
not a realistic management scenario, as no exploitation takes place in the geothermal field. The
results of the first scenario are used as reference to evaluate the variations of the parameters in
scenarios 2 and 3.

In the second scenario no important modifications in hydraulic heads are observed at the wells TH-
1 and PRIV-1. The hydraulic heads are reduced by 6-7% at the wells TH-8 and TH-5, and 41.62%
at the well PRIV-2. Changes in temperature do not exceed 1%.

In the third scenario changes in hydraulic heads for the wells TH-1 and PRIV-1 range between 1-
2%. The hydraulic heads are lowered by 12-14% at the wells TH-8 and TH-5, while a decrease of
83.26% is observed in the hydraulic head of the well PRIV-2. Again, changes in temperature do not
exceed 1%.

The results of the scenarios indicate the existence of an important source of heat, which is not
expected to diminish with the current exploitation scheme, or if the exploitation rates are doubled.
In contrast, the fluid volumes are strongly influenced by pumping, especially at wells located far
from the recharge zone.

A sustainable management scheme for the geothermal field of Therma - Nigrita should include
reinjection of the extracted fluids in the reservoir. This way the water balance is maintained, but also
the recovery of thermal energy can be maximized.
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