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An estimate of deep groundwater temperature is necessary for the research and uti-
lization of this geothermal resource. Geothermometers are based on the tempera-
ture relation of some chemical reactions or the solubility of some minerals. Re-
searchers mostly use silicon-based (quartz, chalcedony, amorphous silica) and
cation-based (Na-K, Na-K-Ca, Na-K-Mg, and so forth) geothermometers. Temper-
atures of some prospectively abundant geothermal water resources in Serbia are
estimated using the silicon-based geothermometers. In the absence of hot water re-
sources, temperature of deep thermal groundwater has to be estimated and consid-
ered for power generation with the Kalina or the Rankine binary cycle. Best ther-
mal waters (temperatures from 130 °C to 160 °C) for the purpose are located in the
spa of Vranjska Banja, followed by Kursumlijska, Sijarinska, and Josanicka spas
and Bogatic of Macva. Pumped at the present rate of 200 I/s, the mentioned sources
may generate 70 MW, of which some 30 MW, the Vranjska Banja alone. Total
power (for the five tested resources) is estimated at about 2200 TJ per year.
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Introduction

Chemical and isotopic geothermometers are important 'tools' in the research and utili-
zation of a hydrogeothermal resource. Most of geothermometers are generally based on the
chemical equilibrium reactions; the groundwater-mineral reactions are slow in reaching balance
at low temperatures, especially due to the rapid movement of water. Thus, water chemistry is re-
flected on the fluid temperature equilibrium by concentrations of dissolved mineral forms.
Geothermometers should be used carefully to avoid misinterpretation of the results. Particular
consideration should be given to sampling, especially of fluids hotter than 100 °C. Any separa-
tion of vapour from liquid water may alter the water chemistry and greatly affect the use of gas,
isotope or some other geothermometer [1].

Temperature of deep groundwater is determined indirectly, because the method in-
volved is fast and inexpensive. Geothermometry is generally used in determining the current
and previous temperatures of geothermal fluids. The methods are based on the temperature rela-
tions of some chemical reactions or solubility of some minerals. Solution of a mineral in ground-
water, which mainly contains silicon, provides information about the temperature condition in
rocks at which processes occur or have occurred in the past. Experiments have substantiated that
solubility of a mineral depends on temperature; it is proportional with the growing temperature
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of groundwater, with the exception of calcite for example. Geothermometers are determined on
the basis of this dependence (van't Hoff equation). Conventional geothermometers are based on
silicon (quartz, chalcedony, and amorphous silica), cations (Na-K, Na-K-Ca, Na-K-Mg, etc.)
and isotopes. Temperature equation for each geothermometer includes a specific equilibrium
constant for the given mineral-water reaction [2].

The literature that treats geothermal waters of Serbia includes many reference units
confined either to the estimate of a potential resource or to its exploitation. Geothermal water is
usually heat-pumped for heating. Some of references will be mentioned later in this text.

Stojiljkovi¢ et al. [3] describe an installation intended for a drying plant. A pilot plant was
installed in the heat-exchange station at the Gejzir Hotel of Sijarinska Banja. The heat power avail-
able to the industry was 2.5 MW from thermal water pumped at the rate of only 15 I/s. At the
maximum rate of 30 I/s, the available heat power would be 5 MW. Milojevi¢ et al. [4] consider us-
ing geothermal water for heating green-houses near JoSani¢ka Banja. They estimate that the avail-
able amount of heat may be used either for heating or for cultivation in an area exceeding 5 ha. On
the basis of calculation for available heat amount, the authors concluded that geothermal water
could be used either for heating or for cultivation on the area bigger than 5 ha. Milanovi¢ et al. [5, 6]
develop geothermal heating systems for Smederevska Palanka and Debrc. The geothermal flow
rate is 2.5 I/s and the water temperature is 48 °C, about 7.5 tons of fuel oil or 82.6 MWh of heat en-
ergy may be saved per heating season (assuming the fuel oil heat capacity was 40 MJ/kg.

Methodology

Samples of groundwater were collected for this research during 2011-2012 in the loca-
tions selected on the basis of the physical and chemical properties previously analyzed by stan-
dard methods in accredited laboratories. Samples of groundwater within the temperature range
from 27-111 °C were taken from 23 sources. The samples were chemically analyzed for calcula-
tion of the hydrogeothermometers. The estimates of deep fluid temperatures are based on the
thermometer equations, which indicated potential of the hydrogeothermal resource.

The first to be implemented was silica geothermometer based on quartz solubility; sol-
ubility in water of different silica forms (quartz, chalcedony, and amorphous silica) were mea-
sured in relation to temperature and pressure. This geothermometer is used for the fluids hotter
than 150 °C. For lower fluid temperatures, chalcedony is used, which controls the amount of dis-
solved silicon. Many geothermometers have been developed, of which the quartz geothermo-
meter for thermal water most frequently uses the formula [7]:

B 1309
[519 —1og(Si0,)]
Fluid temperatures from 120° to 180° indicated by the quartz geothermometer suggest

that the silicon solubility in water is probably controlled by chalcedony, and therefore the for-
mula for chalcedony thermometer is [1]:

t[°C] -27315 ©)

1112 :
[491—10g(Si0,)]
Finally, for the expected temperatures below 100°C, formula for the amorphous silica
geothermometer [8] is:

t[°C]= 27315 ©)

731

t[°C]= -
[452 —1og(Si0O,)]

~27315 3)
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The Giggenbach [9] Na-K geothermometer has formula:

)= — 1390 o35 4)

L75+ log(NaJ
K

Fundamental theory of geothermometers

Silicon is second highest element (first is oxygen) in the Earth's crust. It is a metalloid,
under carbon in the Periodic table, between aluminum and phosphorus, having both metal and
non-metal properties. It is a very important element in geothermometry, because silicates are ex-
tensively distributed natural minerals forming some 75% of the Earth's crust. Silicon is a
macro-element of a large number of petrogenic minerals and is therefore widespread in igneous,
metamorphic and sedimentary rocks. Silicon concentration is very high before the main stage of
a crystallization. It is highest in granites and notably reduced from acid to basic and ultrabasic
magmatic rocks. Silicon concentration is also high in granite pegmatites. Plagioclases are the
commonest group of silicate minerals in igneous rocks with the highest proportion of silica in
the continental crust. Alkali feldspar and quartz also have large distribution; the two groups of
minerals and plagioclases are tectosilicates [10].

Silicon occurs in elevated concentrations in geothermal water as well, for example in
geysers of the Yellowstone National Park, USA, in which SiO, concentrations may be as high as
570 mg/L [8]. Highly alkaline water (pH >9), a rare natural occurrence, also is characterized by
elevated silica. Amorphous SiO, (60-80 mg/L at 0 °C; 100-140 mg/L at 25 °C; 300-380 mg/L at
90 °C) is much more soluble than the almost insoluble crystalline SiO,, quartz in particular (6
mg/L at 25 °C). Solubility of SiO,, both amorphous and crystalline, grows with the rising tem-
perature, and elevated silicon concentrations therefore occur in thermal waters. The relationship
between SiO, concentration in groundwater and temperature is extensively used as a
geothermometer in examinations of geothermal
resources. In addition to temperature, SiO, sol- /
ubility is affected by acidity/alkalinity of solu-
tions and a variety of the salts present. Silica is
rapidly dissolving in water of low pH values,
such as pit water or water with elevated carbon 120 /

SiO, [mgL™"]
o
o
Tt

dioxide. Silica solubility is rapidly increasing in
groundwater containing Na,CO;, NaHCO;,

90
NaOH or NaCl [11].
Results and discussion 60
The silica phases present in geothermal flu-
ids are quartz, chalcedony and amorphous sil- -
ica. Figure 1 presents the diagram changes of
silica concentrations in selected 23 groundwa-
ter samples, and measured temperature (7}, °C). 05 %0 40 80 8 150 120
It is obvious that high content of silica condi- Tu[7Cl

tionally increase with temperature..The results Figure 1. The diagram changes of silica
of the chemical geothermometry in the most  concentrations and measured temperature
promising locations are given in tab. 1, which (T, °C)
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also includes temperatures at which electric power may be generated by some generally recog-
nized method (Rankine or Kalina cycle). Naturally, an interpretation of the silicon concentration
in water is somewhat uncertain for the unknown solid phase controlling silicon (quartz or chal-
cedony). Moreover, the mixing with shallow groundwater and the rock-water reaction are very
difficult to predict. The quartz geothermometer seems applicable for groundwater below 100 °C
because it may long remain oversaturated with respect to quartz.

Table 1. Results of estimated groundwater temperatures on the basis of applied geothermometers

. SiO SiO SiO Giggenbach
Locality T, fgné)i'phous %%}giedony [Ochlianz gz‘[éoc]
& \(/\r;éu;ke{%ag) 111 88 133 160 176
(2) KurSumlijska spa 63 69 103 131 193
(3) Josanicka spa 74 68 103 131 152
(4) Sijarinska spa 75 69 103 131 193
(5) Bogati¢ BB-1 60 51 76 105 197

A general comment on the obtained temperature, for selected 23 groundwater samples,
is that the temperatures based on amorphous silica are much lower, even below the measured
temperatures, than those by other geothermometers (fig. 2). The chalcedony geothermometer
temperatures varied from 76-133 °C, but they are probably higher in view of the well depth. The

180 180 -
Te °C) Si0; (amorphous) Te [°C] Si0, (chalcedony)
150 1 150 4
120 4 120
90 -
60 -
30 -
¢ 1 1 I | I
(a) ° 20 40 60 80 100 120
Tw IFCl
180 5
T I°C) Giggenbach et al. [9]
150
120
90
60
T T T T T 0 T T T T 1
(c) 0 20 40 60 80 100 120 (4 0 20 40 60 80 100 120

Tm [°Cl T, [Cl

Figure 2. The diagrams of estimated temperatures of geothermal waters (7) on the basis of
selected geothermometer and measured temperatures (7,,)
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quartz geothermometer indicates temperatures between 105 °C and 160 °C. Note that the tem-
perature estimate for all sources is exceeding 130 °C, therefore deep groundwater is available
for other uses but heating. Finally, the Giggenbach geothermometer indicated impossibly high
water temperatures and thus is not considered, as has been mentioned. An exception is Vranjska
Banja (VG-3) for which the temperature estimate was about 176 °C. While sampling, attention
was given to preventing calcite deposition as a result of change in the partial carbon dioxide
pressure. This gave a more realistic temperature estimate than in other sources, because calcite
deposition was prevented which would
have given higher fluid temperature [12, Na/1000
13]. 0 100

Different researchers reported sensitiv-
ity of the Na-K-Ca geothermometer to the
partial pressure of CO, [14]. Groundwater
of Sijarinska spa and KurSumlijska spa are
natural carbonated. For groundwater tem-
peratures less than 200 °C, this geother-
mometer should be cautiously used with

405 | R T
[ ]

56057 R \

7~ Partially equillibratgd X

the water rich in CO,. A diagram (fig. 3) of ‘or mature waters §

the Na-K-Mg geothermometer shows the 80 R et ;:!;\29
tested groundwater in the field of partial / /_,/"ff : 2\;"\'
equilibrium, below the complete equilib- - V/ Immature waters ¥ .
rium that determines Na/K geothermome- o 20 40 60 80 100 Mg

ter variation by Giggenbach. Scatters to-
wards magnesium peak indicate partial  Figure 3. Giggenbach diagram for the selected

equilibrium or the thermal water mixing geothermal water sources (numbers represent
with cold water. locations from tab.1)

Power generation in binary cycle plants

The amount of geothermal energy in the Earth's interior will remain billion of years
there, until the sun transforms into a gigantic red star. Unfortunately, this energy is not readily
available. The source of geothermal energy is radioactive decay that evolves within the planet
some 6730 km under the surface. The Earth's crust is comparatively cold, except for the hot
spots where magma is nearer the surface, and grows warmer with the depth. As to the utilization
of the planet's heat, the efficiency of heat conversion into a form of beneficial energy as defined
by the second law of thermodynamics is limited. An absolutely perfect engine may have thermal
efficiency of only 13.6% (input fluid temperature 66 °C and output 20 °C). A few geothermal
power plants in the world use the hot spots, where the fluid temperatures are far above 150 °C,
but even their engines are not perfect. According to the Energy Information Agency, the mean
efficiency of the geothermal power plants in the USA is about 16% [15].

Thermal energy available from geothermal sources is used in different forms, and the
capacity of the equipment for use of the produced geothermal energy may be less than 100 kW.
There are two systems for conversion of the geothermal energy:

(1) Single Cycle Geothermal Power Plants. Generation of power by the conventional steam
turbine requires the working fluid temperature of no less than 150 °C. It is available only
from very hot geothermal sources or with overheated water flashed to steam.

(2) Binary Cycle Power Plants. Water temperature and pressure in many geo- and hydro-
-thermal power plants are too low for efficient operation of the steam turbine. Dual cycle
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“binary plants” have been developed for better use of the low-temperature fluids within the
range from 100 °C to 175 °C.

In a binary plant, the hot-water circuit passing through the thermal source is separated
from the closed loop working fluid used in the turbine by a heat exchanger. The hot water gives
up its heat in the heat exchanger to a working fluid with a low boiling point and high vapour
pressure at low temperatures when compared to steam. The working fluid is usually ammonia or
some organic compound such as butane, pentane or iso-pentane, which flows through the sec-
ondary side of the heat exchanger and evaporates, and steam is used to rotate the turbine in the
conventional Rankine cycle electricity generation plant. After the vapourized binary fluid has
passed and transmitted its energy to the turbine, it condenses and is fed back for use in the heat
exchanger. Having passed through the heat exchanger, water is pumped back through the well
into warm rock. This system has an additional advantage that the fluid (mostly salt water from
ocean or polluted water from aquifer and hot rocks) never comes into contact with the turbine
generator units [16].

Binary cycle power plants are a latest development; they operate with the fluid temper-
atures as low as 57 °C [17]. This is the commonest type of the geothermal electricity plant con-
structed at present. Both Organic Rankine and Kalina cycles are used, and the thermal efficiency
level of 10-13% is characteristic of this type of power plant.

The examples of most promising locations for electricity generation from geothermal
sources in Serbia are given in tab. 2.

Table 2. Most promising locations for obtaining electricity in Serbia

Locality [LQ/s] [Zg] Ti‘ﬂ’é‘]z [N{\%‘] [T?;*I] Utilization |System cycle
(1) Vranjska spa 50 111 160 29.3 923.3 | Electricity Single
(VG-2,VG-3)
(2) KurSumlijska spa 20 63 131 9.3 292.8 Electricity Binary
(3) Josanicka spa 20 74 131 9.3 292.8 Electricity Binary
(4) Sijarinska spa 30 75 131 13.9 439.2 Electricity Binary
(5) Bogati¢ BB-1 20 60 105 7.1 2242 Heating

Besides natural discharge of thermal water of the temperatures up to 83 °C, water of
111 °C flows out the wells VG-2 (1064 m) and VG-3 (1470 m) at the rate of 50 L/s in Vranjska
Banja. The granitoid intrusion of Surdulica, a product of Tertiary magmatism, is believed re-
sponsible for the large hydrothermal potential of the region, and for lithothermal potential; there
are other theories that propose the presence of a younger intrusion. Total electric power output
from this geothermal resource is 6 MW, equal to an amount of about 13 000 tons of liquid fuel
[18]. According to an estimate by quartz geothermometer based on the expected groundwater
temperature of 160 °C, the Vranjska Banja alone possesses a thermal capacity of about 30 MW,,
and a total energy of about 920 TJ per year. This latest information undoubtedly indicates a di-
rect system of prospective electricity generation, for which some foreign companies expressed
their interest (Canada, Italy).

Second best prospects after Vranjska Banja, according to the estimates, are KurSum-
lijska, Sijarinska, and JoSanicka spas, and then Bogati¢ of Macva with the expected groundwa-
ter temperatures between 130 °C and 160 °C. The estimate, based on geotermometry, of the
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thermal capacity for the present well yield of 200 L/s, is 70 MW,, of which 30 MW, in Vranjska
Banja alone. Total thermal energy (for five tested wells) is estimated at about 2200 TJ per year.
This information sheds new light on the potential geothermal water resource in Serbia.

The highest measured temperature of geothermal water, published in the Geothermal
Atlas of Vojvodina, is 82 °C in NE Banat (Vrbica, borehole Vbc 1/H). The potential sources are
able to yield groundwater of 100-150 °C temperatures from a depth of 2-3 km. These tempera-
tures regrettably are not based on the geothermometers, but by other methods during the bore-
hole drilling. In any case, the authors of the Geothermal Atlas of Vojvodina conclude that the es-
timate of the thermal groundwater resources, determined as the total available thermal power,
amounts to 72.6 MW, at the efficiency rate of only 8% [19].

Conclusions

Chemical geothermometers are very useful for investigation, exploitation and manage-
ment of geothermal resources. Their correct interpretation based on exploratory drilling data may
give accurate estimates of fluid temperature in a geothermal reservoir. They are also useful in
monitoring, because variation of a geothermometer during the geothermal fluid abstraction indi-
cates a change in the reservoir itself. The use of geothermal fluids depends greatly on how accurate
is the interpretation. In the absence of hot water resources, temperatures of deep thermal ground-
water had to be obtained by geothermometers and considered for electricity generation in the
Kalina or the Rankine binary cycle. The most perspective of the thermal water resources (tempera-
tures from 130 °C to 160 °C) are the spas of Vranjska Banja, then KurSumlijska, Sijarinska,
JoSanicka, and Bogati¢ of Macva. Pumped at the present capacity rate of 200 L/s, thermal water
from greater depths may generate 70 MW, electric power of which 30 MW, Vranjska Banja alone.
An estimate of the total power output (for five tested sources) is about 2200 TJ per year. This esti-
mate differs in being higher than the previous resource estimates.
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