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THERMODYNAMIC ANALYSIS OF THE EFFECTIVENESS OF THE
THERMAL SCHEME OF GEOTHERMAL POWER PLANT

Abstract. Quoted results of numerical studies of the effectiveness of the thermal
scheme of geothermal power plant. Researched subcritical and supercritical Rankine
cycles with different working substances such as pure and mixtures in the temperature
range 70...130 °C. Exposed effect of operating parameters: temperature and pressure
of the steam before and after the turbine, heat exchange efficiency in the evaporator
and condenser and ambient temperature. Specified dependence of the electrical
power from the coefficient of performance of the power plant. The calculation of the
power generated by the power equipment and the utilization of the heat of the
geothermal fluid were carried out. The electrical power generated depends on the
temperature of the geothermal fluid and varies from thermal evaporation. It is shown
that each working fluid is effective in a certain temperature range. The use of a
variety of working fluids provides a variety of cycle utilization rates by geothermal
power plants.

Keywords: geothermal energy, geothermal power plant, refrigerant, binary
cycle.
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Introduction. There is an annual global increase in the installed capacity of
geothermal power plants of 10-20%, and their total capacity in 2023 is 16318 MW on
198 geothermal fields [1]. Efficient conversion of geothermal energy into electricity
requires the development of specialized power equipment. Conventional power plants
operate on water vapour (steam turbine at a pressure of 0,5-0,7 MPa) are not suitable
at temperatures of the heat source of low density and accordingly a large size of the
turbine. Use of low-boiling working fluids allows for reducing the size of the turbine.

Research relevance. The portion of renewable energy should be significantly
increased in the framework of the European Green Deal. Most of the sources are
weather-dependent, which causes instability of power grids. But geothermal energy is
constantly available. Thus, such sources should be exploited at the available places.

Recent studies and publications. Geothermal power systems are widely used
power plants with the Organic Rankine cycle (ORC) binary cycle (Fig. 1).
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Fig. 1. Heat scheme of binary station [2]:

PH — pre-heater; E — evaporator; T — turbine; C — condenser; CP — condensate pump;
PW — production well(s) — the source for geothermal water; IW — injection well —
return of the cooled geothermal water; A-B-C — geothermal water loop;
1-2-4-5-6 — organic motive substance loop; CW — cooling water loop

Organic motive fluid of geothermal power plant in the binary cycle receives heat
from geothermal water (brine), evaporates, expands in the turbine, condenses and
returns via condensate pump to the evaporator. Currently, binary stations are widely
used. In 2023, 25.1 % of all operating geothermal power is generated on the binary
stations [1].

Analysis of the world’s geothermal resources shows that dominant geothermal
fields with edge water give temperatures below 150 °C. In Ukraine, there are also
geothermal fields with a temperature of 150-180 °C, stocks of which can produce
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about 200 MW of electricity. However, most of the fields are characterized by
temperature conditions below 130 °C.

At a temperature of heating medium 65-150 °C, it’s difficult to build a steam
power plant, which may have effective economic parameters. As international
experience shows, lowering the temperature of the geothermal source requires more
sophisticated technologies [1, 3].

The aim of the paper is to find the conditions of effective power generation
using geothermal energy.

Condition of the problem. An important characteristic of the organic motive
substance for the plant is a binary form of saturated steam curve, shown in Fig. 2 in
the coordinates P-H (temperature-enthalpy).
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Fig. 2 Diagram"pressure-enthalpy" of the binary cycle of a geothermal power station

The curve of the vapour of water has a positive slope, and some hydrocarbons
and Freon show a negative bias to the saturated vapour line segments.

Processes of steam expansion in the turbine in the Rankine cycle are shown by
curves 3-4 and 3'-4. For some substances, the working process of steam expansion
occurs from the saturated vapour line to superheat the water requires a considerable
degree of superheat to avoid significant moisture in turbine exhaust (condition 4).

In the first approximation, the mass and dimensions of the turbine determine its
value, and the size of the value can be estimated from the area of the exit section of
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the steam turbine:

__W
h—h, k-a,

F [m?]; (2)

where W — turbine capacity, kW; & and A, — starting and final enthalpy during steam
expansion, kJ/kg; v, — specific volume of steam after expansion, m’/kg; k — a factor;
o> — speed of sound in the organic motive substance at the turbine outlet, m/s.

By determining the change in energy and speed of sound at the outlet of the
turbine, the relative cross-sectional area and thus the relative sizes of turbines can be
determined.

Simulation technique. The equipment of the geothermal power plant is
calculated. The capacity of the pump is determined by the relationship:

Pﬂ,out_Pﬂ,in
Pa M,

-ml
N= /

[W] 2)

where Py, and Py, — pressure at the outlet and inlet of the pump [kPa]; m; — pumped
fluid flow, [kg/s]; ps — density of the fluid [kg/m’]; n, — adiabatic efficiency of the
pump.

The calculation of the turbines is made by the adiabatic model. As the initial
data the flow pressure P;, [kPa] and temperature 7, [K] at the turbine inlet, the flow
pressure P, [kPa] and temperature 7, [K] at the turbine outlet, organic motive
substance flow rate m [kg/s] and adiabatic efficiency of the turbine ) are used

Enthalpy of the organic motive substance is determined by the parameters:

h:=h(P;, T)) [kJ/kg]. 3)

Then the power generated in the ideal turbine under an adiabatic expansion
process is:

]vid = (hout - hin)'m [kW] (4)
Net power from the shaft of the turbine

N =N kW] (5)
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Enthalpy at the turbine outlet in the real process (including losses) is defined as

Bow = hin — (N/m) [kJ/kg], (6)

which makes it possible to calculate the temperature of the steam at the turbine outlet.

For determining the parameters in the counterflow heat exchanger in our
formulation of the problem (i.e. excluding the pressure losses and heat losses to the
environment), a system of three equations was used:

Q:mhot' h(Thot,in _h(Thot,out
Q:mcold' h Tcold,in _h Tcoldout ’ (7)
O=k-F AT

where Mo, Meoia — mass flow rate of the hot and cold heat transfer fluids, respectively
[kg/s]; Thoin, Thorowe — temperature, respectively, at the inlet and outlet of the hot heat
transfer fluid [K]; Tiowin, Tosone — temperature, respectively, at the inlet and outlet of
the cold heat transfer fluid [K]; F.e — heat exchange surface area; k — average heat
transfer coefficient of the heat exchanger [W/(m*K)]; AT — average value of the
temperature difference of the heat exchanger.

To find the mean value of the temperature difference of the heat exchanger, the
following correlation is used:

T

—T
hot ,in cold , out
AT=

T
T

—(T

hot , out Tcold,in

[K]. (8)

In
T

hot , out 4 old ,in

hot ,in Tcold, out )

The presence of the regenerative heat exchanger, in which the heat of
geothermal water at the evaporator outlet (or steam turbine) is given for heating the
low-temperature coolant to the evaporator, reduces the thermal load on the evaporator
and condenser. As the results of the performed research [3], we’ll obtain a maximum
net electrical power is achieved by increasing the flow of geothermal water,
geothermal circulating in the circulation system, and optimizing the parameters of the
thermodynamic cycle of the secondary circuit. The process of steam expansion in the
turbine 1s regarded as adiabatic. Calculation of steam expansion in a polytropic
process is associated mainly with the technical perfection of the process equipment.
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Results of the research. As it was mentioned earlier, now there are
environmentally friendly ozone-friendly substances of a new generation — freon
ethane, propane and butane series. The prospect of their use as an organic motive
substance for the cycle of a geothermal energy converter into electricity has been
studied in this work. Numerical study of Rankine cycle of the geothermal power plant
with a binary cycle was performed with different working substances (R12, R13,
R13bl, R22, R114, R134a, R142b, R143a, R152a, R218, R318).

Calculations of thermodynamic parameters of the Rankine cycle were performed
under the following conditions:

 adiabatic efficiency of the turbine n = 0.70 - 0.80;

» efficiency of pump 1, = 0.75 - 0.80;

e ambient temperature is 288,15, 293,15, 298,15 K (plus 15, 20, 25 °C).

« AT =15, 10, 15 K approach in the regenerative heat exchanger and evaporator
(minimum temperature difference between water and geothermal working
substance).

Pressure at the outlet of the turbine is determined by the condition of the
saturated state of the organic motive substance. Turbine inlet pressure is determined
by the value of the temperature and, at the evaporator outlet, the possible maximum
pressure is selected, at which the vapour stream at the turbine outlet will be a single
phase. The values of specific electrical power for a variety of halocarbons and their
mixtures are shown in Table 1. Thermal properties of the liquid motive substances are
taken from [4-6].

At increasing in the temperature of geothermal water, the generation of electric
power in the geothermal power plant increases (Fig. 3). The value of the electric
power at the temperature of geothermal water of 70 °C for the examined organic
motive substance — freon and mixtures thereof — is around 3.2-3.3 kW/(kg/s); at a
temperature of 130 °C it’s 29,8-31,3 kW/(kg/s). Dependence of the flow on the
temperature of the geothermal liquid is shown in Fig. 4.

Results of calculations show that to obtain the maximum specific electrical
power, the influence of the pressure values (P. [kPa]) and steam temperature (z. [°C])
of the organic motive substance upstream of the turbine, flow rate of the working
substance (m [m’/kW-h]), value of the minimum temperature difference (At [°C)),
ambient temperature (zop4 [°C]) and other parameters should be considered.

The impact of the minimum temperature difference is most significant. Thus,
reduction of AT, from 10-15 K to 5-7 K allows increasing the production of
electricity by 20-25 %. Increasing AT leads to a lowering of evaporation pressure

and temperature, which substantially reduces the efficiency and specific electrical
power (N [kKW]).
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Table 1.
Value of the specific electric power
Heating Eva- | Evapo- | Tempe- | Specific po- | Flow | Coef-
medium porati- | ration | rature | wer output | rate | ficient
on tempe- | of the N m of
pres- | rature | cooled | [kW/(kg/s)] | [kg/s] | per-
sure t. [°C] geo- for-
P. thermal man-
[kPa] water ce
tu, [°C] COPc
20%R12 + 80% R142b | 1452,5| 76,27 — | 62,73 29,87 1,096 | 0,01
77,59
10%R12 +90% R142b | 1370,0 | 76,20 — | 62,97 29,95 1,051 | 0,01
76,95
30%R12 + 70% R142b | 1575,0 | 76,76 — | 62,82 29,87 1,14 | 0,01
78,47
70%R12 +30% R142b | 1925,0 | 77,61 — | 61,90 30,52 1,35 | 0,01
79,23
80%R12 + 20% R142b [ 2034,0 | 78,04 — | 61,73 30,86 1,41 | 0,01
79,26
90%R12 + 10% R142b | 2155,0 | 78,67 — | 61,63 31,29 1,47 | 0,01
79,34

Note: refrigerant mixture in the secondary circuit #75 = 130 °C;

Numerical results show that each value of the temperature of geothermal water
corresponds to optimum temperature of evaporation of the organic motive substance
(Fig. 5). Numerical results show promising use of environmentally friendly
refrigerants and their mixtures as organic motive substances for geothermal power
stations. At a temperature of 70—130 °C, water geothermal specific electric power to
the turbine shaft at installation freon mixtures is 29-31 kW/(kg/s), which is 10-12%
higher than for the pure substances cycles 22-24 kW/(kg/s).

It’s offered [7] for a geothermal plant with a temperature of thermal water 120
°C to use in the secondary circuit of Freon R13b1 at supercritical parameters. Use of
refrigerants R142a, R134b does not allow for expanding the range of thermal water
temperature below 150-165 °C. In this work, a mixture of refrigerants (R13b1 +
R142b), (R13b1 + R13) was studied. The results of the calculation of parameters
beyond the critical cycle for a mixture of Freons (80%R13b1 + 20%R142b), thermal
water temperature —130 °C are shown in Table.2.

In the thermodynamic analysis of the system conversion of geothermal energy
into electrical energy, the following assumptions are taken:
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Fig. 3. Dependence of specific electric power of geothermal power station on the
temperature of the geothermal water

 all the processes occurring in the system are reversible;
 state of the fluid coming out (coming in) from the system is in thermodynamic
equilibrium with the environment.
Equation of the second law of thermodynamics for a geothermal circulation
system is:

N t1d
—; misi—!:?d—QrdIZO, 9)

where s; — entropy in i-th point, kJ/K; T — time, s; T, — time of the process start, s; 1, —
time of the process finish, s; O — the heat power, J. The integral in (9) the change in
entropy in the system is equal to the production of entropy due to irreversibility.

Equation of the first law of thermodynamics after disregarding the change in
kinetic and potential energy of the organic motive substance is:

O-W=m(h—h), (10)
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Fig. 4. Dependence of the flow of geothermal water temperature for different organic
motive substances: 1 —isobutane (¢, = 7 °C, At,.,,=10 K), 2 — isobutane (z. = 30 °C,
At.in=10 K), 3 — isobutane (¢ = 30 °C, At,,=20 K), 4 — R142b (z. = 25 °C,

Atyin =10 K); 5 —R13b1 (f. =25 °C, Atwin =10 K); 6 —20% R142b + 80% R13bl
(t. =25 0C, At,ii=10 K).

where W — the work performed, J.
Since the system interacts with the environment only through the transfer of
heat, equations (12) and (13) have the form:

—I’I’Z’(Sl —Sz)—(Qo/To)ZO, (11)
Qo— W=m (hz—hl), (12)
W=ml[h —h—T, (s1 — 52)]. (13)

where Qo — the heat transmitted to the system or from it at ambient temperature;
T, — the ambient temperature for which the exergy and the maximum useful work are
determined.

Assuming that the final state is identical to the "marginal" status, we obtain an
expression for the calculation of the maximum energy (exergy).
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Table 2. Parameters of supercritical cycle (R13 + R13b1)
Proportion of mixture N [kW/(kg/s)] m, [kg/s] COP [%]
80%R13+20%R13bl 17,00 3,02 4,6
50%R13+50%R13bl 22,57 3,13 6,04
20%R13+80%R13bl 28,48 3,30 7,58
10%R13+90%R13b1 30,57 3,36 8,14
We define Oy, W, in equation and substituting in (13), and obtain
Wm=m [hl —h()—T;(Sl —So)]. (14)

Expression in parentheses defines the value of the specific exergy.

With the increase in the temperature of geothermal water to 130 °C,
thermodynamic efficiency characteristics vary.

Coefficient of utilization cycle of geothermal power station at a temperature of
geothermal water of 70 °C is about 11.50 % at 130 °C. The energetic efficiency
(gross) of the turbine is 28,50-54,88 %.

Most effective working substances for cycles of geothermal power plants at a
temperature of geothermal fluid of 130 °C are R134a, R22, R143a, R218, R13bl1, and
the mixture (80% R13b1 + 20% R142b).
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Conclusions. Numerical studies of binary thermodynamic efficiency of
geothermal power plants have shown that in cycles with Freons R13bl, R22, and
R134a, an electric power output of 34.0-43.3 kW/(kg's) is provided at a temperature
of the geothermal liquid of 130 °C. There is a significant influence of the steam
pressure and temperature, the flow of the organic motive substance, and the minimum
value of the temperature difference in heat exchange equipment (evaporator,
condenser) on the effectiveness. Use of mixtures of halocarbons provides increased
production of electric power up to 10-12% and above. Analysis of the
thermodynamic cycle efficiency of the equipment in the geothermal power plant
shows that at the geothermal liquid temperature of 130 °C, the thermal efficiency is
from 7.58 to 10.96%, and the coefficient of cycle utilization is from 28.50 to 54.88%.

Thus, in consideration of the cycles thermal fluid temperature at the turbine
outlet is from 63,2 to 86,2 °C for R22 and R134a, from 28,1 °C to 91,1 °C for R318,
which indicates the possibility of an increase in the efficiency provided by a deeper
drop in temperature of the working substance in the turbine.
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TEPMOOAWHAMIYHUIA AHATNI3 EQEKTUBHOCTI TEMNIOBOI CXEMU
FEOTEPMAJBbHOI ENIEKTPOCTAHLII

Anomauia. Busuanuca 6inapui yuxau uucmux pooouux pevosun Rl44a, R22,
Ri143a, R218, R13b1 ma cymiweti (R13b1+ R142b) (RI3+ RI3bl), (RI2+ RI42b),
npu memnepamypax 70 °C ma 130 °C, npu pizHomaHimHiu memnepamypi
Hagkonuuinbo20 cepedosuwia (15, 20, 25°C), minimanvHiu memnepamypHiu pizHUyi
MidHC pobouUMU PIOUHAMU MA 2e0MePMATIbHOI0 pobouoto cymiwmuio (At =35, 10, 15K).
Haseoeno pesynomamu yucenvbHux 00CniodiceHb egexmueHocmi meniosoi cxemu
eeomepmanvhoi  enexkmpocmanyii. Ilposoouscs o0OpaxyHox NOMYIHCHOCMI, WO
BUPOOTANACL —~ eHep2eMUYHUM  YCMAMKY8AHHAM, ma  ymunizayii — menjiomu
eeomepmanvuoi  piounu. Ilokazamo, wo nomyxcHicme, sAKA GUPOOIAEMbCA 3a
memnepamypu 70 °C cmanosums 3,2-3,9 xBm/(ke/c), a 3a memnepamypu 130 °C
maemo 29,8-31,9 xBm/(ke/c). Bucoxa egexmusnicme 6inaproi eceomepmanbHOL
YCMAHOBKU 3 pOOOUOI0 PIOUHOIO 1300yman 3a0e3neyye 3HUNCEHHs MACO80i 8UMpamu
ceomepmanvroi  piounu oo 0,1-0,2 m’/(kBm-200) 3a memnepamypu 130 °C.
Enexmpuuna nomyoscnicms, Axa 6upoOIsiemuvces, 3anexcumv  6i0 memnepamypu
eeomepmanvhoi piounu. Ilpu memnepamypi éoou 70-130 °C ceomepmanvua numoma
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NOMYMHCHICMb  MYPOIHU  NpU  BUKOPUCMAHHI  CYMIWE  XOI000A2eHMI8 NOBUHHA
cmanogumu 24-31 kBm/(xe/c), wo na 10-12 % euwe, Hidc 015 yucmozo pobouoco
yuky piounu — 22-24 kBm/(xe/c). Iloxazano, wo xodcua poboua piouna epexmusna
VY Bu3HaueHoMy memnepamypHomy inmepeani. Hanpuxnao, xonoodoacemm RI3DI
epekmusnuil npu memnepamypi ceomepmanvroi piounu 120 °C, a R142a ma R134b
epexkmusni npu memnepamypi 150-165°C. BuxopucmaHnHs pi3HOMAHIMHUX poOOYUX
min 3a6e3nevye pisHOMAHIMHI KoeQhiyieHmu BUKOPUCMAHHI YUKTIE 2e0mMepMaNlbHUMU
enekmpocmanyiamu. Ilpu memnepamypi ceomepmanvroi piounu 70 °C maemo
onuzvko 11,5 %, npu 130°C, gionosiono, 6i0 28,5 0o 54,88%. Ilokazamno, wo &
OIHApHUX ~ eHep2emUYHUX  YCMAHOBKAX  e(eKmusHuMu  npu  memnepamypi
eeomepmanvroi piounu Ha pieui 130 °C € xonoooacenmu Rl134a, R143a, R218,
R113b1 ma cymiwi (80% RI13b1+20% R142D).

Kniwowuoei cnoea: ceomepmanvna euepeis, 2eomepmanvHa eleKmpoCmanyis,
xonoooazenm, OIHAPHUL YUK
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