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ABSTRACT 

Results of a design-theoretical study on thermo-

dynamic parameters of cycles of a geothermal power 

station are cited. Numerical results demonstrate an 

increase in efficiency and in specific electric power 

production in a binary cycle geothermal power station 

with multiple low-boiling working substances. 

INTRODUCTION 

Nowadays, there has been reported an annual world 

increase in installed capacity of geothermal power 

stations (GPS) by 10 - 20 % with their overall 

capacity exceeding 8000 MW[1]. Ukraine possesses a 

considerable potential of geothermal energy. Potential 

geothermal resources, approved by the Ministry of 

Ecology and Natural Resources, amount to 27.3 

million cubic meters per day of geothermal water at a 

temperature of 70-130 °С (343.15 - 403.15 К), and 

their heat-and-power potential amounts to 441 million 

Gkal/year. Efficient transformation of geothermal 

energy into electric power requires special energy 

equipment. 

STATE OF THE PROBLEM 

Binary cycle power stations are utilized in geothermal 

energy industry [1,2]. In the primary cycle, 

geothermal water (saline solution) moves in a 

geothermal circulation system (GCS), giving up heat 

from the layer to surface heat-exchangers, whereupon 

cooled water is pumped back to the layer. Output of 

the operating well and geothermal water temperature 

in the operating and forcing wells determine the 

amount of heat brought to a geothermal power station 

(Figure 1). 

 

GPS heat carrier in the binary cycle receives heat from 

geothermal water (saline solution), evaporates, 

expands in the turbine, condenses and returns with the 

help of a feeding pump to the vaporizer. 

 

 
Figure 1. Heat flow diagram of a binary cycle 

geothermal power station. 

The first binary cycle GPS with a capacity of 670 kW 

was founded in 1967 in the village of Paratunka 

(USSR) in the Kamchatka Peninsula [3]. Freon R12 

was used as a heat carrier. Geothermal water 

temperature is 80 °С (353.15 К). A radial turbine with 

input pressure of 1.4 MPa and output pressure of 0.8 

MPa was used. Specific electric energy production 

was 9.7 kJ/kg. A project of a R142В freon-based 

geothermal module with a radial-axial double-flow 

turbine with a capacity of 1.5 MW was developed in 

1992 to use the heat of geothermal water with a 

temperature of 165°С. Turbine input pressure is 2.5 

MPa, output pressure – 0.4 MPa, estimated specific 

electric power production amounted to 41 kJ/kg. 

Nowadays, binary stations are most widely used in 

geothermal power stations. In 2004, 155 GPS’s were 

in operation, producing 274 MW of energy in 16 

states. The average capacity is about 1.5-1.8 MW per 

station. 

 

Analysis of the world’s geothermal resources 

demonstrates that deposits with local water 



temperature below 150 °С (423.1 К) are predominant. 

Besides, there are geothermal deposits with a 

temperature of 150 – 180 °С (423.15-453.15 К) in 

Ukraine, which are able to produce about 200 MW of 

energy. However, most deposits are characterized by a 

temperature range of 60-130 °С (333.15 - 403.15 К). 

At this geothermal water temperature it is difficult to 

build a steam power station, able to efficiently and 

economically use heat from such a heat source. The 

lower geothermal source temperature is, the more 

complicated and expensive the technology of its 

utilization is. 

 

For a binary geothermal power station, using a heat 

carrier with an initial temperature of 130 °С 

(403.15 К) and a discharge (cooled) heat carrier 

temperature of 35 °С (308.15 К), the maximum 

efficiency factor of the ideal Carnot cycle is as 

follows: 

ηТ = 1 - (308.15/403.15) = 3.56 %. 

Considering nonisothermality of the heat source, 

geothermal water is cooled giving up heat to the 

working fluid. Thus, a more feasible cycle of a binary 

geothermal station is a triangle cycle, consisting of an 

isobar, bringing heat to the initial geothermal heat 

carrier temperature, isoentropic expansion in the 

turbine and isothermal process of heat withdrawal in 

the condenser. 

 

Triangle cycle efficiency factor: ηТ = (ТН - ТК)/(ТН + 

ТК) = (403.15 – 308.15)/(403.15 + 308.15) = 0.1336 

= 13.36 %. 

 

Therefore, increase in cycle efficiency by 1-2% 

allows to increase cycle efficiency factor (utilization 

factor) by 10-20%, which is a substantial difference. 

There also exist advanced binary cycles: a binary 

cycle with double pressure [3];  a binary cycle with 

two organic fluids [3]; «Kalina» binary cycle [6] with 

a water-ammonia mixture. 

OBJECTIVE 

The objective of this study is to increase thermo-

dynamical efficiency of geothermal power station 

cycles.A modified geothermal power station heat flow 

diagram with multiple fluids has been proposed [5].  

MAIN RESULTS  

The existing geothermal power stations heat flow 

diagrams are characterized by a limited temperature 

range (no more than 15-25 К) of efficient use of each 

working substance and absence of such working 

objects in the whole temperature range between 60 

and 130 °С (333.15 - 403.15 К). 

Heat flow diagram of the proposed modified binary 

geothermal power station is represented in Figure 2. 

Working substances under study – freons – are 

characterized as ozone-safe (ODP), with slight global 

warming potential (GWP), hazard class 4. 

 
Figure 2. Flow diagram of a geothermal power station 
with a multi-stage binary cycle: 
Т1, Т2, Т3 - turbogenerators; Н1, Н2, Н3 - pumps; И1 
- 1st stage vaporizer; К1-И2 – 2nd stage condenser-

vaporizer; К2-И3 – 3rd stage condenser-vaporizer; КЗ 
– 3rd stage condenser; ТР1, ТР2, ТР3, ТР4 – heat 
exchangers-regenerators. 

Source data and accepted assumptions: 

- geothermal water temperature 130 °С (403.15 К); 

- ambient temperature ТО.С = 15 °С (288.15 К); 

- ΔТ = 5; 10 К – minimal temperature difference 

between geothermal water and secondary circuit heat 

exchanger; 

- turbines adiabatic efficiency factor 75 %; 

- pumps adiabatic efficiency factor 80 %. 

Two variants with different working substances were 

investigated: 

first variant: 

1st stage – freon R114; 

2nd  stage – freon R152а; 

3rd stage – freon R143а; 

second variant: 

1st stage – freon R142v; 

2nd stage – freon R134а; 

3rd stage – freon R22. 

Working substances under study – freons – are 

characterized as ozone-safe (ODP), with slight global 

warming potential (GWP), hazard class 4. 

These working substances were considered to be 

substances, demonstrating efficiency of a multi-stage 



(cascade) GPS scheme. Other more efficient heat 

carriers may be utilized for practical purposes. 

Thermal parameters of freons are shown in Table 1. 

Rankine cycles of a multi-stage binary cycle 

geothermal power station are shown in Figure 3. 

Calculation results of specific electrical capacity and 

efficiency factor of the cycle are represented in Table 

2, cycle points are shown in Figure 2,3. 

Table 1. Thermal parameters of working substances of a geothermal power station 

Parameter R114 R152а R43а R142в R134а R22 

Molecular weight 170.92 66.05 84.04 100.49 102.03 86.50 

Boiling temperature at Р = 1 bar, °С -3.50 -24.55 -47.60 -9.20 -26.50 -40.90 

Critical temperature, °С 145.89 113.5 73.15 136.80 101.0 96.0 

Critical pressure, MPa 3.261 4.500 3.760 4.150 4.055 4.977 

Table 2. Specific electric capacity and efficiency factor of the cycle of a geothermal power station 

 with multiple fluids (variant А*/variant А1, Δt н =10 К) 

Parameter 

I stage 

freon 

R114 

II stage 

freon 

R152а 

III stage 

freon 

R143а 

Total capacity, 

kW/(kg/sec) 

EFFICIENCY 

FACTOR, 

% 

Specific electric 

capacity, kW/(kg/sec) 
1.327/1.057 5.960/8.586 18.389/27.102 25.676/36.746 9.64/9.66 

Specific working 

substance flow rate, 

kg/sec 

0.545/0.768 0.763/1.083 1.44/1.97 - - 

Variant А: vaporizer pressure -1700 kPa; variant А1: vaporizer pressure -1500 kPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With a decrease in vaporizer pressure useful electric 

power increases from 25.676 to 36.746 kW/(kg/sec). 

Specific electric power of a geothermal station 

depends on vaporizer temperature and pressure, mass 

flow of the working substance, minimum temperature 

drop (underrecuperation). Variant calculations allowed 

to define the rational thermal-dynamical parameters of 

a geothermal power station. Calculation results are 

shown in Tables 3,4,5. 

 

Cycle efficiency is substantially influenced by the 

minimum temperature drop rate that determines 

optimal thermal-dynamical cycle parameters of a 

binary cycle geothermal power station (variant B2 Δtн 

= 5 К). 

Figure 3. Multi-stage GPS cycles 



Table 3. Specific electric capacity and efficiency factor of the cycle of a geothermal power station with 

multiple fluids (variant B*/variant B1, Л і  н =10 К) 

Parameter 

I stage 

freon 

R142b 

II stage 

freon 

R134а 

III stage 

freon 

R22 

Total capacity, 

kW/(kg/sec) 

EFFICIENCY 

FACTOR, 

% 

Specific electric 

capacity, 

kW/(kg/sec) 

2.989/4.027 7.094/7.816 20.456/22.533 30.539/34.378 9.067/9.236 

Specific working 

substance flow rate, 

kg/sec 

0.797/0.882 1.515/1.675 1.515/1.675 - - 

Variant B: vaporizer pressure 1600 kPa; variant B1: vaporizer pressure 1400 kPa. 

Table 4. Specific electric capacity and efficiency factor of the cycle of a geothermal power station with  

multiple fluids (variant B); А1н=5 К 

Parameter I stage 

R142b 

II stage 

R134а 

III stage 

R22 

Total capacity, 

kW/(kg/sec) 

EFFICIENCY 

FACTOR, % 

Specific electric capacity, 

kW/(kg/sec) 

6.05 22.78 39.97 68.8 16.57 

Specific working 

substance flow rate, kg/sec 

0.9261 1.667 2.0355 - - 

Table 5. Thermal-dynamic parameters of GPS cycles 

Cycle points Р, kPa Т, °С V, m
3
/kg I, MJ/kg S, kJ/(kg·°С) 

1 1500 125 0.01831 -4915.4353 1.633316 

2 1065 112.831 0.026617 -4922.5158 1.639449 

4 1065 67.446 10.7110
4 

-5140.1070 1.009333 

5 1500 67.955 10.6810
4 

-5139.5588 1.009669 

5' 1500 83.100 11.3210
4 

-5115.5680 1.078458 

6 1800 107.831 0.01426 -8721.4876 1.915033 

7 845 83.327 0.03103 -8736.1085 1.928800 

9' 845 33.234 8.51010
4 

-8958.7520 1.214016 

9 845 32.970 8.503-10
4 

-8959.1583 1.212690 

10 1800 33.781 8.467-10
4 

-8958.2030 1.213074 

11 1800 62.672 57.47-10
4 

-8842.3716 1.564343 

12 3540 78.327 0.005396 -5817.6323 1.862273 

13 913 20.015 0.02361 -5839.8139 1.881188 

15 913 20 8.241-10
4 

-6010.0008 1.300674 

16 3540 22.277 8.179-10
4 

-6007.4539 1.302023 

17 3540 28 8.324-10
4 

-6000.2937 1.326026 

17' 3540 28.262 8.331-10
4 

-5999.9610 1.327131 

В1 350 130 10.85-10
4 

-15383.7498 4.297487 

В2 350 88.1 10.44-10
4 

-15569.0887 3.812191 

В3 350 83.011 10.40-10
4 

-15591.3061 3.750252 

В4 350 38.448 10.02-10
4 

-15784.3906 3.171155 

В5 350 35.070 10.00-10
4 

-15798.9653 3.124126 

With a decrease in vaporizer pressure to 1400 kPa power increases. 

 



 

Relation of specific geothermal water flow rate to the 

temperature is shown in Figure 4. It is obvious that 

specific geothermal water flow rate in a one-stage 

GPS amounts to about 150-200 kg/(kW·h). Specific 

geothermal water flow rate in a multi-stage GPS 

decreases to 52 kg/(kW·h), which is over 3 times less 

compared to a one-stage power station. 

CONCLUSIONS 

Numeric results of the thermal-dynamical analysis of 

a modified geothermal power station with multiple 

heat carriers with a geothermal temperature range of 

60-130 °С (333.15-403.15 К) have demonstrated a 

2.0-2.3-fold  increase in specific power production 

compared to one-stage binary cycle GPS’s. 
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Figure 4. Relation of geothermal water flow 

rate to the temperature: 

1 - isobutane (Тк = 7°С, Δtmin = 10 К), 2 - isobutane (Тк 

= 30°С, Δtmin = 10 К), 3 - isobutane (Тк = 30 °С, Δtmin = 

20 К), 4 - R142b (Тк = 25 °С, Δtmin = 10 К); 5 - R13b1 

(Тк = 25°С, Δtmin = 10 К); 6 - 20% R142b 


