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Abstract: This article presents the thermodynamic analysis of a 17.5 MW gross electric geothermal power plant based on binary cycle 

technology with isobutane. The geothermal power plant comprises two separate closed loops: the geothermal fluid flows in one loop and the 
Organic Rankine Cycle (ORC) fluid flows in the second loop. The geothermal fluid is extracted from a depth of 2500-3000 m with a 

temperature of 170 °C and a pressure of 25 bar. Two production wells supply geothermal fluid (brine and steam) with a high fraction of non-

condensable gases (NCG). A separator extracts NCG from the geothermal fluid. Isobutane is preheated and evaporated before entering the 
ORC turbine with a temperature of 133 °C and a pressure of 28 bar, where expands to the condenser pressure of 4 bar. Electricity is 

generated by a 17.5 MW axial ORC turbine and additionally by a 1.5 MW NCG turbine. The analysis revealed that the configuration without 
NCG turbine achieves a net efficiency of 12.73% and a net electric power of 13.68 MW while the configuration with NCG turbine achieves a 

net efficiency of 14.04% and a net electric power of 15.16 MW but with much higher CO2 emissions into the atmosphere.  
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1. Introduction 

Geothermal energy is a sustainable and renewable source of 

energy used for electricity generation and for supplying heating 
energy to various industries. The world total installed geothermal 

power capacity has seen a steadily increase over the last decade: 
10.9 GW in 2010, 12.3 GW in 2015 and 16.0 GW in 2020 [1]. The 

world total installed capacity is expected to come around 20.0 GW 
in 2020. By installed geothermal power capacity, the leading 

countries are: USA (3700 MW), Indonesia (2289 MW), Philippines 

(1918 MW), Turkey (1549 MW), Kenya (1193 MW), New Zealand 
(1064 MW), Mexico (1006 MW), Italy (916 MW), Iceland (755 

MW), Japan (550 MW), Costa Rica (262 MW), El Salvador (204 
MW), Nicaragua (159 MW). The world total electricity generation 

from geothermal sources is estimated at 95 TWh in 2020. For 
comparison, the world total wind power capacity of 622.7 GW 

generated 1429.6 TWh of electricity in 2019 and the world total 
solar power capacity of 586.4 GW generated 724.1 GWh of 

electricity in 2019 [2]. The annual growth rate of geothermal power 

(4%) is significant, although nowhere near the growth rates of wind 
power (17%) and solar power (42%) in recent years [2]. However, 

geothermal power offers an exciting possibility for sustainable 
electricity generation at acceptable costs and low emissions of 

greenhouse gases emissions. The total installed costs per unit of 
installed capacity in geothermal power is on average 3916 US$/kW, 

with the range between 2000 and 6000 US$/kW, depending on the 

specific project and technology [3]. In 2019, the weighted average 
levelized cost of electricity (LCOE) generation from geothermal 

power plants was 73 US$/MWh. For comparison, the average 
LCOE of the other renewable energies were: hydro (47 US$/MWh), 

onshore wind (53 US$/MWh), biomass (6 US$/MWh), solar PV 
(68 US$/MWh), offshore wind (115 US$/MWh) and solar CSP 

(182 US$/MWh) [3]. The CO2 emissions from geothermal power 
units are estimated in the range between 20 and 57 kg/MWhel, 

which is comparable to other renewable energy sources. The carbon 

footprint from solar PV power is in the range between 29 and 80 
kg/MWhel while that from wind power is between 8 and 20 

kg/MWhel. Large hydropower and nuclear power generate 
electricity at specific emissions of 3-7 kg/MWhel and 8-45 

kg/MWhel, respectively. On the other hand, conventional fossil fuel 
power plants have much higher CO2 emissions, in the range of 422-

548 kg/MWhel for natural gas, 722-907 kg/MWhel for fuel oil and 
877-1130 kg/MWhel for coal [4]. 

The geothermal power technologies with largest shares in the 
total global installed capacity are 1) flash steam: 58%, 2) dry steam: 

26% and 3) binary cycle: 15%. 1) Flash steam units use high-
pressure and high temperature (>180 °C) hot water. Hot water boils 

into steam as it flows through the pipes of the production well. The 
remaining hot water is flashed into steam inside low-pressure 

separator tanks. Flash steam expands in the turbine, and the useful 

work drives the electric generator. Leftover liquid water from the 

separator and condensed steam are returned into the geothermal 
reservoir by injection wells. 2) Dry steam units use exclusively dry 

geothermal steam having temperatures in the excess of 150 °C. Hot 
water may be present in the geothermal reservoir but only dry steam 

is drawn in the production wells. After the production wells, no heat 
exchangers or separators are necessary and the dry steam is directly 

expanded in the turbine. The turbine rotates and drives the electric 
generator. After the expansion, the exhaust steam is turned into 

liquid water by the condenser. Waste heat is dumped into the 

atmosphere through the use of cooling towers while condensed 
water is returned into the geothermal reservoir by injection wells. 

3) Binary cycle units can operate with geothermal temperatures as 
low as 60 °C by using double loop configuration. Organic Rankine 

cycles (ORC) and Kalina cycles can be used in for geothermal 
binary technology. The geothermal fluid, flowing inside the primary 

loop supplies the thermal energy for preheating and evaporation of 
the working fluid. In the secondary loop, the working fluid absorbs 

the geothermal heat and powers the turbine to generate electricity. 

The working fluid selection depends on the available geothermal 
temperature and cycle configuration [5-7]. Working fluids can be 

classified into: 1) hydrocarbons (HC), 2) chlorofluorocarbons 
(CFC) 3) hydrochlorofluorocarbons (HCFC), 4) hydrofluorocarbons 

(HFC), 5) hydrofluoroethers (HFE) and 6) mixtures such as 
ammonia-water for the use in Kalina cycles [8-9]. 

Nowadays, geothermal energy is drawing increasing interest 

from research and industrial entities. Ehyaei et al. [10] carried out 

ORC optimization based on a genetic algorithm. For a geothermal 
source with a mass flow rate of 15 kg/s and temperature of 150 °C, 

they found that the optimal thermal efficiency is 14.1% at a capacity 
of 0.433 MW. Algieri [11] investigated the energy performances of 

a small-scale ORC for high temperature geothermal sources (230 
°C), using subcritical and transcritical isobutane, isopentane and 

R245ca as the working fluids. Transcritical configurations 

guarantee highest performance while, among the observed working 
fluids, isopentane achieves the highest thermal efficiency (17.7%).  

Morroni and Algieri [12] analyzed the energy and economic 
performance of a combined geothermal-natural gas CHP system, 

with an installed electric and thermal capacity of 101.4 kWel and 
249.5 kWth, respectively. The combined CHP system achieves an 

electric efficiency of 13.4%, an energy utilization factor of 19.3% 
and supplies 95% of the electrical demand and 90% of the thermal 

demand of a commercial building. Prasetyo et al. [13] carried out 

experimental analysis of an ORC performance with R123 for a low-
temperature geothermal source (120 °C). The ORC unit employs 

superheated R123 in scroll-type expander and achieves thermal 
efficiencies in the range between 7.2% and 8.6%. Typically, the 

ORC thermal efficiency is influenced by the type of working fluid, 
the cycle configuration and the geothermal temperature. Generally, 

thermal efficiencies in the range between 10% and 14% can be 
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achieved for geothermal temperatures between 100° and 220 °C. 
The present study complements the literature by studying the 

various factors affecting the energy performance of a 17.5 MW 
geothermal power plant using medium-temperature geothermal 

sources (170 °C) and isobutane as the working fluid.  

 

2. The geothermal power plant model 

The first geothermal power plant in Croatia was commissioned 

in early 2019 at the Velika Ciglena site. The Velika Ciglena power 
plant uses a single-pressure ORC configuration with isobutane as 

the working fluid. The geothermal power plant has a gross electric 
capacity of 16.5 MW and a net electric capacity 13.5 MW. Total 

investment costs were €44 million, corresponding to specific costs 
of 3260 €/kW (4000 US$/kW). The generated electricity is 82 GWh 

per year, at average capacity factor of 70% (6100 full load hours). 

The ORC turbine is a five-stage axial turbine with design power of 
17.5 MW. The Velika Ciglena geothermal field is characterized by 

porous carbonate rocks, with a geothermal gradient of 62 °C/km 
and brine temperatures of up to 175 °C. The process flow diagram 

of the geothermal power plant Velika Ciglena is given in figure 1.  

Two production wells extract the geothermal brine and steam 
from a depth of 2500-3000 m. The geothermal fluid mass flow rate 

is 800 t/h, with 95% hot water and 5% steam [14], at well-head 

temperature and pressure of 165 °C and 26 bar, state ⑨. Non-

condensable gases (NCG) are separated from the geothermal fluid 
in the separator. Heat exchange between the geothermal fluid and 

the ORC fluid occurs in the evaporator and the preheater. The 
geothermal fluid is cooled from ⑩ to ⑪ in the evaporator and 

from ⑪ to ⑫ in the preheater. Two injection wells return the 

geothermal fluid into the geothermal reservoir. The geothermal 

fluid temperature at the injection wells is 70 °C, state ⑫, which 

prevents scale and fouling in pipes while allowing for appropriate 
thermal regeneration in the geothermal reservoir. In the ORC fluid 

loop, isobutane expands in the turbine from state ① to ②. 

Isobutane is a dry working fluid and turbine expansion ② ends in 

the superheated region. This is because isobutane exhibits positive 
slope in the saturation vapor curve, meaning that by decreasing the 

saturation temperature the specific entropy also decreases 

(dT/ds>0). For comparison, water vapor is a wet working fluid, 
having negative slope on the saturation vapor curve, where the 

specific entropy increases if the saturation temperature decreases 
(dT/ds<0). Isobutane expands in the superheated region with 

temperature above the saturation temperature in the condenser. The 
energy content of the superheated vapor, which would otherwise be 

simply discharged in the condenser, can be used to preheat the ORC 
liquid condensate. In the heat recuperator, the superheated ORC 

vapor cools from ② to ③ before entering the condenser where is  

desuperheated, ③ → ④, and condensed, ④ → ⑤. After the 

condenser, the liquid condensate is pumped by the ORC feed pump, 
⑤ → ⑥, and preheated in the heat recuperator, ⑥ → ⑦. By 

preheating the liquid condensate, the heat recuperator reduces the 

heating duty of the preheater, positively affecting the cycle overall  
thermal efficiency. The ORC liquid condensate is heated up to the 

boiling point in the preheater, ⑦ → ⑧, evaporated and 

superheated in the evaporator, ⑧ → ①, up to the pressure and 

temperature at the turbine inlet. The condenser is water cooled and 
the waste is discharged into the atmosphere by forced-draft cooling 

towers.   

At the Velika Ciglena site, the geothermal fluid contains a high 

content of dissolved non-condensable gases (NCGs) and minerals. 
Dissolved minerals (24 kg/m3) consists mainly of chlorine (13 

kg/m3) and sodium (9 kg/m3) with trace amounts of carbonates, 
sulphates, magnesium, lithium, mercury and radon (4.85 Bq/l).  

Carbon dioxide (CO2) represents 99.5% of the NCGs, with a 
specific content of 55 kg/m3 per unit of geothermal fluid volume 

[15]. Further, NCGs contain smaller fractions of nitrogen, methane 

ammonia and hydrogen sulfide (H2S). The H2S concentration is 59 
ppm. In dry steam and flash steam geothermal power plants, the 

presence of NCGs may decrease the power output from the turbine. 
This is caused by NCGs buildup in the condenser, which leads to 

increased turbine backpressure and decreased power. Further losses 
are caused by the auxiliary power duty of vacuum pumps, steam-jet 

ejectors or turbo-compressors for the removal of NCGs from the 
condenser [16]. In binary cycles, the NCGs could accumulate inside 

the preheater and evaporator, reducing the heat transfer rate from 

the geothermal fluid to the ORC fluid.  
As remedy, modern geothermal power plants use upstream 

separators (reboilers), installed after the production well, where 
NCGs are separated from the geothermal fluid and afterwards 

discharged into the atmosphere or compressed and reinjected into 
the geothermal reservoir [17]. From environmental standpoint, 

NCGs reinjection is certainly the better solution as CO2 and H2S are 
stored into the geothermal reservoir. NCG discharge increases the 

power plant net electricity by eliminating the compression power 

duty, but at the downside of CO2 and H2S emissions into the 
atmosphere. At geothermal sites with high NCG contents, discharge 

into the atmosphere is a questionable practice, which does not 
adhere to low carbon power generation principles. In the Velika 

Ciglena geothermal power plant, the NCG collected from the 
separator first a NCG turbine, rated at 1.5 MW power, for additional 

electricity generation and after that is discharged into the 

atmosphere. In the present study, the NCG is modelled as 100% 
CO2, with a mass flow rate of 10.45 kg/s, corresponding to 85% 

removal rate in the separator. The remaining 15% of CO2 is 
dissolved in the geothermal fluid as it crosses the evaporator and 

preheater sections. In the NCG turbine, CO2 is expanded to 
atmospheric pressure, state change ⑬ → ⑭. The NCG turbine is 

also seen in the Latera geothermal power plant in Italy [18].  

 

Fig. 1. The process diagram of the binary cycle geothermal power plant Velika Ciglena 
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In the analyzed configuration, shown in figure 2, the geothermal 
fluid delivers the following heat flow rates to the evaporator and the 

preheater heat transfer surfaces 

 EV GTF 10 11evaporator:     Q m h h   (1) 

 PR GTF 11 12preheater:        Q m h h   (2) 

The actual heat transfer rates absorbed by the ORC fluid are 

reduced by heat transfer losses, ηEV and ηPR. The corresponding heat 
balance equations for the evaporator and the preheater are 

   ORC 1 8 GTF 10 11 EVevaporator:     m h h m h h     (3) 

   ORC 8 7 GTF 11 12 PHpreheater:     m h h m h h     (4) 

The evaporator and preheater heat loss is assumed 10%, returning 

heat transfer efficiencies of ηEV = 0.90 and ηPR = 0.90. Equations (3) 
and (4) are solved taking into account two minimum temperature 

conditions. The first is the reinjection temperature of the geothermal 
fluid, set to T12min = 70 °C. The second is the minimum pinch-point 

temperature difference between the geothermal fluid and the ORC 

fluid occurring at the evaporator cold end, ΔTPPmin = 10 °C. Note 
that the pinch-point temperature difference must be increased if the 

solution yields an injection temperature under 70 °C. The heat 
balance equation for the heat recuperator is  

   ORC 2 3 RE ORC 7 6recuperator:     m h h m h h    (5) 

The heat transfer efficiency of the heat recuperator is ηRE = 0.95, 

corresponding to 5% heat losses. The temperature difference 

between the heat recuperator outlet and the condenser saturation 
temperature is 10 °C. The condenser heat balance is  

   ORC 3 5 CW 16 15condenser:     m h h m h h    (6) 

It is assumed that the cooling water temperature increases by 8 °C 

across the condenser. The cooling water temperatures are calculated 

taking that the cooling tower efficiency is 75% at the ambient 
temperature of 20 °C and relative humidity of 50%. The ORC fluid 

saturation temperature is determined taking that the pinch-point 
temperature difference in the condenser is 5 °C. The geothermal 

power plant generates electricity from the ORC turbine and 
additionally from the NCG turbine. The power of the ORC turbine 

and NCG turbine are calculated assuming adiabatic expansion  

 T,ORC ORC 1 2 T,ORCORC turbine:    sW m h h    (7) 

 T,NCG NCG 13 14 T,NCGNCG turbine:    sW m h h    (8) 

The isentropic efficiency of the ORC and NCG turbine is assumed 

at ηORC = 0.88 and ηNCG = 0.82, respectively. The power duties of 
the ORC feed pump and of the cooling water pump are 

 ORC 6s 5

P,ORC

P,ORC

ORC pump:    
m h h

W



  (9) 

  CW
P,CW

P,CW

cooling water pump:    
m g H

W


  (10) 

The isentropic efficiency of the two pumps are ηP,ORC = 0.80 and 

ηP,CW = 0.80 while the head in the cooling system is set at H = 20 m. 

The gross electrical power is the sum of the power generated from 
the ORC turbine and the NCG turbine, reduced by the mechanical 

and electrical losses in the electricity generator 

 gross T,ORC T,NCG m ggross power:    W W W     (11) 

The mechanical and electrical efficiencies of the electric generator 

are ηm = 0.98 and ηel = 0.98. The net electrical power of the 

geothermal power plant is obtained subtracting the gross power by 
the pumping duties and the auxiliary power consumption of other 

systems (cooling tower fans, downhole pumps) 

 net gross P,ORC P,CW auxnet power:    W W W W W     (12) 

The auxiliary power consumption is assumed 5% of the gross 

power, that is Ẇaux = 0.05 Ẇgross. The thermal efficiency of the 
binary cycle, based on First Law analysis, can be determined from 

net
th

EV PH

thermal efficiency:     
W

Q Q
 


 (13) 

Table 1. gives the list of input parameters and assumption in the 
geothermal binary ORC power plant.  

Table 1: Input parameters for the binary ORC analysis 

Parameter Value 

Geothermal well-head temperature 165 °C 

Geothermal well-head pressure 26 bar 

Geothermal fluid mass flow rate 222 kg/s 

Heating pinch-point temperature difference 10 °C 

Minimum geothermal reinjection temperature 70 °C 

Evaporator and preheater heat transfer efficiency 90%  

Recuperator heat transfer efficiency 95% 

Recuperator / condenser temperature difference 10 °C 

ORC working fluid isobutane 

ORC turbine isentropic efficiency 88% 

ORC feed pump efficiency 80% 

ORC fluid pressure drop in preheater / evaporator 1 bar (each) 

Electric generator efficiency, % 98% 

Mechanical efficiency 98% 

NCG mass flow rate 10.45 kg/s 

NCG turbine isentropic efficiency 82% 

Cooling tower efficiency 75% 

Cooling water pump efficiency 80% 

Cooling water temperature difference 8 °C 

Cooling pinch-point temperature difference 5 °C 

Ambient air temperature 20 °C 

Ambient air relative humidity 50% 

Auxiliary power consumption (% of gross power) 5% 

 

3. Results and discussion 

The performance of the geothermal power plant is a function of 

the type of working fluid, the fluid temperature and pressure at the 
turbine inlet as well as on the condenser pressure. These last two are 

influenced by the parameters of the available geothermal fluid and 

the ambient conditions. The geothermal power plant Velika Ciglena 
uses isobutane as the selected working fluid since it matches best 

the geothermal fluid temperature profiles in the preheater and the 
evaporator. Isobutane is operated in a subcritical cycle with 

superheat vapor at the turbine inlet. Subcritical cycles with saturated 
vapor and transcritical cycles are also possible for geothermal 

binary power plants. Figure 2. shows the temperature entropy chart 
of the subcritical ORC with superheated isobutane as the working 

fluid. The superheat vapor temperature and pressure are 133 °C and 

28 bar, which presents a good tradeoff between generated power 
and cycle efficiency. The achieved gross thermal efficiency is 

16.77% and the gross electric power is 18.11 MW, including 
1.48 MW from the NCG turbine. The difference between gross and 

net electric power is due to the auxiliary power consumers: 1.45 
MW in the ORC feed pump, 0.59 MW in the cooling system pump 

and 0.91 MW in other consumers. The resulting net electric power 

is 15.16 MW and the net thermal efficiency of the geothermal 
power plant is 14.04%. By recovering the NCG energy content, the 

geothermal power plant net efficiency is increased by 10.3%. 
Without the NCG turbine, the net efficiency of the binary cycle 

would be 12.73% and the net electric power 13.68 MW. However, 
this net electricity increase comes at the cost of increased CO2 

emissions into the atmosphere. The NCG turbine discharges a total 
of 37.6 t/h of CO2 into the atmosphere, which converts into a 

specific CO2 emission of 2482 kg/MWh. For comparison, the 

Latera geothermal power plant in Italy discharges 70 t/h of NCG 
(83% wt. CO2), which returns a CO2 emission per unit of generated 

electricity of around 2000 kg/MWh [18]. Specific CO2 emissions 
from geothermal sites with high fractions of carbonaceous rocks can 

exceed CO2 emissions from coal-fired power plant [17], which 
range between 700 and 1000 kg/MWh [19].  

The binary cycle efficiency is positively affected by the heat 

recuperator transferring heat from the superheated turbine discharge 

to the liquid condensate. Without a heat recuperator and a NCG 
turbine, the net thermal efficiency and the net electric power would 

be further reduced to 11.38% and 12.24 MW. If the superheated 
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Rankine cycle is replaced by a saturated Rankine cycle, the net 
efficiency and electric power are reduced. Although the critical 

pressure of isobutane is 36.3 bar, saturated cycles with evaporation 
pressures above 22.9 bar are avoided in order to prevent vapor 

condensation in the turbine. Specifically, in the temperature-entropy 
chart, the turbine expansion curve could intersect the saturated 

vapor line for any starting point above the maximum entropy point 

(psat = 22.9 bar, Tsat = 107.8 °C) on the saturated vapor line, which 
would reduce the turbine efficiency and accelerate blade erosion. 

The saturated Rankine cycle with isobutane yields a net efficiency 
of 11.81% and as net electric power of 12.76 MW, figure 3. 

 

Fig. 2. Temperature-entropy chart for the superheated  
ORC with isobutane 

 

 

Fig. 3. Temperature-entropy chart for the saturated  
ORC with isobutane 

4. Conclusions 

Geothermal power generation is expected to keep growing in 

the next years. The total global installed capacity is expected to 
surpass 19 GW by 2025. Nowadays, the exploitation of geothermal 

energy is principally focused on medium-temperature sites with 
binary ORC technologies. In Croatia, new geothermal power plants 

are planned. Recently, a 20 MW binary cycle power plant is 

considered at the Legrad site (northern Croatia), with an expected 
annual electricity generation of 165 GWh/year. The geothermal 

power potential in Croatia is estimated at 100 MW by 2030, and 
possibly up to 300 MW by 2050. From the present perspective these 

numbers are attainable as geothermal power is currently generously 
subsidized within the Croatian feed-in tariff system for renewable 

energy. At the moment, the feed-in tariff for geothermal electricity 
is 254 US$/MWh which, against an average LCOE of 73 

US$/MWh, makes geothermal power a very attractive renewable 

energy solution with short return of investment periods. 
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